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ABSTRACT
The development of a small wrinkle in a buried pipeline can be a challenging issue for
pipeline operators to approach. Although a vast majority of research has been conducted,
to evaluate the integrity of a pipeline showing signs of irregularities such as corrosion, pipe
wall buckling and/or rippling; there is limited research data or guideline(s) available as to
how to assess the severity of a small wrinkle defect. If not dealt with appropriately, these
small wrinkle defects can lead to further damage of the pipe wall as a result of fatigue
damage caused by internal pressure cycling. This research program was designed to
investigate the behaviour and structural integrity of wrinkled pipelines subjected to severe
pressure cyclic loading. This research program comprises of both lab-based experimental
work, followed by a finite element analysis (FEA) based numerical approach.
This study shows that a pipe with a wrinkle defect may lead to fatigue failure resulting in
circumferential cracking at the wrinkle apex, due to localized stress concentration.
Additionally, it was also found that the magnitude of the stress concentration is highly
dependent on the geometry of the wrinkle profile. Analysis based on experimental and
numerical results was undertaken to evaluate stress concentration factors, which could be
used to establish the remaining fatigue life of a wrinkled pipe subjected to typical pressure
fluctuations arising in oil and gas pipelines.
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1.

INTRODUCTION

1.1

General

The oil and gas industry has become and continues to remain an essential component of
the Canadian economy. In particular, Canada has ranked as the world’s fifth-largest
producer of oil and natural gas, with an average production per day of 3.5 million barrels
of crude oil and 13.7 billion cubic feet of natural gas [1]. While it is important that Canada
continues to support the exploration, extraction and processing of oil and natural gas, it is
equally as important for Canada to ensure it develops and maintains a well-developed
distribution network, which is capable of transporting these products across the nation and
around the world. It is widely accepted that steel pipelines are the primary mode for
transporting oil, gas, and petroleum products. There are many alternative methods of
distribution including railcars and tank trucks. However, pipelines have proven to be the
safest and reliable means of oil and gas transport.
One of the challenges pipeline operators are currently facing is maintaining a significant
portion of Canada’s oil and gas infrastructure, which is fast approaching its functional end
of life. Specifically, 30 % of pipelines within Alberta which is Canada’s largest oil and
natural gas producing province are greater than 25 years old. In a similar manner, 5 % of
pipelines within Alberta are greater than 50 years old. [2] Aging pipeline infrastructure
increases the vulnerability to natural damage such as corrosion, which may further lead to
mechanical damage such as stress corrosion cracking or buckling.
Furthermore, increasing interests of oil and gas exploration in remote areas with rich oil
and gas deposits, such as the Canadian Arctic presents immense economic opportunities
for Canada’s oil and gas industry. However, these regions generally comprise of complex
topographies including regions of mountains, river crossings, discontinuous permafrost
and extreme slopes, which may present challenging design considerations. Specifically, the
movement of soil on an unstable slope, also known as slope movement can be a major
concern for pipeline operators. Loads and displacements in both the axial and lateral
directions will develop on the pipe wall as a result of slope movement. Additionally,
differential thermal fluctuations between the tie-in temperature (the ambient temperature
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when segments of pipelines are welded together) and the operating temperature may also
introduce longitudinal axial compression or tension forces. These unaccounted forces
present the potential to strain the pipeline by forcing it to operate outside of its intended
design range. Consequently, the pipe wall may undergo localized buckling or hereby
known as wrinkling as a result of these types of axial loads imparted onto a pressurized
pipe.
Wrinkled pipes possess substantial ductility reserve even after the formation of a wrinkle
defect and do not pose an immediate threat of failure [3]. However, wrinkled pipes do
present the potential to initiate a pipeline incident (leak or rupture), shall they be further
subjected to fatigue loading caused by cyclic axial deformations due to fluctuations in
ambient temperature or in operating pressure. Generally, leaks are more common but cause
less damage, as opposed to ruptures which are relatively rare but have catastrophic
consequences. Regardless of the type of pipeline incident, any breach of the pipe wall will
result in a loss of containment, which can jeopardize the safe delivery of petroleum
products, as well as lead to the undesirable shutdown of pipeline operations.
1.2

Statement of Problem

Despite all geotechnical considerations when designing a pipeline, undesirable loading as
a result of soil movements is inevitable. Furthermore, fatigue failure arising due to complex
cyclic pressure loading is not uncommon and is generally an inherent feature of normal
pipeline operations. Hence, it is imperative that careful attention be given to any type of
damage such as localized buckling (wrinkling), which may arise as a result of this.
This investigation of the behaviour of wrinkled pipelines under cyclic pressure loading was
motivated by several field observations in which localized buckling resulted in pipe wall
fracture. Figure 1.1, Figure 1.2 and Figure 1.3 all present pictures of segments removed
from pipelines used for oil and gas transport, which fractured due to wrinkles developed as
a result of geotechnical movements.
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Fracture

Figure 1.1: Fractured linepipe specimen of Wascana Energy Inc. (courtesy by Wascana Energy Inc.)

Figure 1.2: Fractured linepipe specimen of Husky Energy Inc. [4]

Fracture

Figure 1.3: Fractured linepipe specimen of WestCoast Energy Inc. (courtesy by WestCoast Energy Inc.)

Currently, pipeline operators have limited information on how to assess the severity of a
wrinkle defect subjected to cyclic loading such as pressure fluctuations, since limited
research data or guidelines are available. Current codes and standards such as
ASME B31.4 [5], ASME B31.8 [6], DNVGL-RP-F110 [7], CSA Z662-19 [8] either do not
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discuss this issue or simply provide conservative recommendations to remove or repair
segments of the pipeline that have undergone wrinkling. To avoid any unknown risks of
failure, pipeline operators will generally enact costly and often unnecessary removal or
repair actions. These precautionary measures result in a loss of revenue for the pipeline
operator as these actions interrupt the supply of oil and gas to downstream industries,
businesses and homeowners. It is alleged that rehabilitation or repair actions may not
always be necessary, depending on the geometry of the wrinkle profile. Therefore, it is
necessary to establish a much-needed defect assessment guideline that pipeline operators
could utilize to assess the possibility of failure of a small wrinkle defect, and if so the
remaining life of a pipe before a fracture initiates.
1.3

Objective and Scope

This research work was initiated to obtain the information required to assess the possibility
of fracture in the wrinkled region of onshore buried wrinkled pipelines subjected to severe
pressure cyclic loading. Consequently, the following are the primary objectives of this
research project:
1. To investigate the failure of wrinkled pipes with varying geometry which are
subjected to cyclic pressure loading representative of severe pressure fluctuations
observed in field oil and gas pipelines.
2. To establish stress concentration factors (SCF) which could be used to assess the
remaining life of a wrinkle defect under pressure cyclic loading.
The scope of this project was limited to the investigation of 6-inch (152.4 mm) Nominal
Pipe Size (NPS6), Schedule 10 (SCH10) of API 5L X42 [9] steel linepipe. To be precise,
only pipes with geometric properties conforming to a diameter-to-thickness ratio (𝐷/𝑡) of
approximately 50 were tested. Furthermore, the loading scheme applied was such that it
simulates the behaviour of fully-unrestrained pipes, which will be discussed in further
detail in Chapter 3.
A total of nine full-scale tests and six numerical models were analyzed by firstly
developing a wrinkle by applying a constant internal water pressure, and then
monotonically increasing the axial deformation. After which, the wrinkled specimens were
4

then subjected to a cyclic internal water pressure to simulate severe pressure fluctuations.
The numerical simulations of the full-scale tests were executed using ABAQUS/Standard,
a commercially available general-purpose finite element code capable of simulating
nonlinear materials and geometries [10]. The primary objective of the numerical simulation
was to provide an approach for evaluating the stress concentration factors, based on the
deformed geometry within the wrinkled segment.
1.4

Organization of Thesis

This thesis is divided into six major chapters as well as two other small chapters: the first
chapter being the Introduction (Chapter 1) and the very last chapter being the Summary,
Conclusions and Recommendations (Chapter 8). Chapter 2 summarizes the findings of the
available literature pertaining to wrinkle initiation, cyclic pressure loading and established
fatigue life prediction methods. Chapters 3 and 4 discuss the experimental test program as
well as the results obtained. In the following two chapters, Chapter 5 and 6, numerical
modelling of full-scale tests and the comparisons of the behaviour obtained from the
experiments and numerical simulations are discussed. Chapter 7 discusses the results
obtained from the fatigue life analysis.
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2.

LITERATURE REVIEW

2.1

General

The objective of this literature review is to summarize the previous works on wrinkled oil
and gas pipelines subjected to cyclic loading conditions. This review will help provide an
overview of the previously completed works but will also outline gaps and identify
potential areas for future research. The literature review begins with a summary of the
fundamental behaviour of wrinkled pipelines. In particular, this section provides an
overview of the particular conditions which may lead to the development of a wrinkle
within a pipe wall. In addition, this section also provides a brief summary of typical
pipeline wrinkle characteristics. Subsequently, the review then summarizes the origination
of cyclic loads such as internal pressure fluctuations and provides a brief overview of the
consequent monitoring programs which have been implemented in the past. The literature
review then follows by examining the relevant provisions in current design codes and
standards pertaining to wrinkled pipelines subjected to cyclic loading, such as fluctuations
of internal fluid pressure. Finally, the literature review concludes by focusing on the
significant developments made by several different researchers in an effort to develop a
fatigue assessment method of wrinkled pipelines subjected to cyclic fatigue loads.
2.2

Wrinkle Initiation

It is not uncommon for wrinkles to initiate as a result of localized buckling within the pipe
wall. The geometry of the wrinkled segment of the pipe is highly dependent on the loading
conditions which give rise to the wrinkle defect. The following subsections discuss the
circumstances under which wrinkles form, as well as discuss the influence of different
buckling conditions which govern the shape of the arising wrinkle defect.
2.2.1

Causes of Wrinkle Initiation

Wrinkles can arise inadvertently as a result of unexpected events, such as geotechnical
movements. Additionally, while now considered as an obsolete practice, wrinkles have also
been introduced deliberately in the past during the construction stage of a pipeline, which
were used to serve as a method to achieve appropriate pipeline alignments. The following
subsections discuss both of these circumstances which may cause a wrinkle to initiate in
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further detail,
2.2.1.1

Geotechnical Movements

Challenging geotechnical conditions due to complex topography can introduce
accompanying issues in the future, such as the displacement of subsurface soil. In
particular, a common problem that the pipeline industry currently faces is slope failure,
which is characterized as the movement of soil on an unstable slope [11]–[16].
Furthermore, other reasons for ground or earth movement include changes in watercourse,
frost heaving and subsidence. According to the 2013 Alberta Pipeline Performance
Report [17], 281 out of the 16,489 reported pipeline failure incidents (leaks and ruptures
only) from January 1, 1990 to December 31, 2012 were caused as a result of earth
movement, such as watercourse changes, slope movements, heaves or subsidence
(Figure 2.1).

Figure 2.1: Pipeline failures by cause for all years combined [17]

Slope movements can cause axial loads and axial deformations on the pipe wall if the
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pipeline is laid parallel to the slope as shown in Figure 2.2(a). However, loads and
displacements in both the axial and lateral directions will develop on the pipe wall if the
pipeline is not aligned with the slope as shown in Figure 2.2(b). The combination of these
axial and lateral loads and displacements can produce extreme stresses within the pipe wall.
Ultimately, these stresses may localize causing the pipeline to deform plastically, resulting
in pipe wall wrinkling.
SLOPE
MOVEMENT

SLOPE
MOVEMENT

PIPELINE

PIPELINE

(b): Slope not moving parallel to linepipe

(a): Slope moving parallel to linepipe

Figure 2.2: Schematic of slope movement with respect to linepipe

A well-investigated incident of pipe wall wrinkling caused by slope movement is the
Norman Wells / Zama pipeline case [18], [19]. Operated by Enbridge Pipelines Inc., this
pipeline is approximately 869 km in length which transports 50,000 barrels of crude oil per
day from Norman Wells, Northwest Territories to Zama, Alberta. Constructed during the
winters of 1983/84 and 1984/85, this pipeline was the first fully buried pipeline constructed
in discontinuous permafrost in North America [18]. The proposed route of this pipeline
traversed a variety of steep slopes and challenging terrains which further complicated the
overall design. In particular, the influence of differential settlement subjected by the
discontinuous permafrost and the effects of slope movement were critical factors of the
original design. Despite careful and precautionary design considerations, an annual
GEOPIG (In-Line Inspection or ILI tool) run conducted in 1997 revealed an internal
diameter change on Slope 92, a north-facing slope of approximately 16°. In an effort to
verify the existence of a wrinkle and install monitoring instrumentation on the slope and
pipe, a subsequent investigative dig was conducted, which revealed a wrinkle with
consistent geometric characteristics as observed in the GEOPIG data. Following the dig, a
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comprehensive non-destructive examination in the vicinity of the wrinkle was conducted
to inspect the wrinkled segment of the pipe. Although the examination revealed no
indications of cracking or laminations in a nearby girth weld, wrinkle or adjoining pipe
segments, a conclusion to replace the pipe joints upstream and downstream of the wrinkle
at Slope 92 was made. This decision was a precautionary measure, as limited information
regarding the failure conditions within wrinkles was available.
2.2.1.2

Wrinkle Bends

Although not so common in current construction practises, wrinkle bends may have been
inherently produced in the past in large diameter pipelines, in order to contour a pipe along
changing segments of the terrain [20]. Presently, the two preferred methods of
accommodating for changes in the direction of a pipeline are cold bending or induction
bending. Cold bending is the practice of wrapping a straight pipe around a die or contoured
profile (mandrel), which does not require the introduction of heat. Induction bending (also
known as hot bending) refers to the process in which straight pipes are pre-bent using a
controlled approach by the application of localized heating, using high frequency induced
electrical power. Wrinkle bends arise from an obsolete practice of cold bending, generally
used prior to the advent of smooth bending technology [21]. They consist of
circumferentially oriented ripples at the inner curve of the bend, also known as the intrados.
A ripple is the term used to describe permanent localized deformation of a pipe wall
characterized by several alternating low-amplitude inward/outward lobes [8]. Figure 2.3
shows a schematic of a 90 degrees bend made with ten discrete ripples.

Figure 2.3: Schematic of 90° Wrinkle Bend [22]
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Even though the practice of wrinkle bending is now generally avoided for new
construction, the presence of wrinkle bends still remains in existing pipelines. It is not
uncommon for failure to occur at the intrados of the wrinkle bend in response to external
loading conditions, aside from operational loads. Reduction in the ductility of the pipe as
a result of large local plastic strains arising due to the ripples creates regions of strain
concentrations. Over-straining these types of bends by longitudinally or laterally imposed
deformations or other forms of mechanical damage such as corrosion can greatly reduce
the structural capacity of the pipe, with the possibility of a failure.
Operating under Kinder Morgan Inc. (formerly known as the El Paso Pipeline Group), the
Southern Natural Gas (SNG) Pipeline is approximately 6900 miles (11104 km) in length
which extends from natural gas supply basins in Louisiana and Mississippi to market areas
in Louisiana, Mississippi, Alabama, Florida, Georgia, South Carolina and Tennessee [23].
Constructed in 1928 when wrinkle bending was typical in steel pipeline construction to
obtain appropriate pipeline alignments, this pipeline had several sections in which wrinkle
bends were introduced. On December 31, 2009, a rupture occurred on SNG’s NPS24 North
Main Loop pipeline in Cleburne County, Alabama. Upon investigation, it was revealed that
rupture occurred due to a failed wrinkle bend [24]. Specifically, it was observed that the
failed pipeline section had four wrinkles in an under-bend (sag) configuration with the
pipe’s longitudinal seam near the center of the wrinkles, as shown in Figure 2.4(a). The
failure consisted of a cleavage fracture oriented circumferentially along the apex of one of
the four interior wrinkle bends, shown in Figure 2.4(b) and 2.4(c). Following a
comprehensive metallurgical and hydrogeological investigation, it was concluded that the
leading cause of failure was a result of exceeding the pipe’s structural capacity. Mainly,
the pipeline segment with the wrinkle bend section was operating outside of the design
range because of geometrical stresses inherent in the bending of the pipe, and altered
mechanical properties of the metal within the longitudinal weld. Following the dig
investigation, SNG removed and replaced these bends with a new pre-bent pipeline
segment, which was non-destructively tested to ensure the integrity of the replacement
pipe.
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fracture

(a) Four-wrinkle under-bend
section

(b) 24-inch North Main Loop failed wrinkle (c) Circumferential crack along apex of wrinkle
Figure 2.4: Southern Natural Gas Wrinkle Bend Failure [24]

2.2.2

Buckling Characteristics

As for any thin-walled structure, the post-elastic structural buckling response of a pipe is
generally governed by the applied loading conditions. Specifically, it has been established
that a pressurized pipe under increasing axial loading will undergo softening into the
post-buckling regime. After which, deformations localize into a dominant wrinkle in the
buckled segment [25]. Zhou and Murray [26] undertook a comprehensive post-buckling
analysis using a finite element numerical approach to investigate the effects of different
load combinations of internal pressure and axial loads imparted onto a pipe segment. The
pre-and post-buckling analyzes of the pipe segments were carried out using the NISA80
code [27], a nonlinear incremental structural analysis program. The loading combinations
under investigation consisted of subjecting a simply supported pipe segment to constant
internal pressure, constant axial loading and an increasing bending moment. It was
observed that the buckling configurations predicted in the analyses could be grouped into
two types of modes, denoted as diamond modes and bulging modes. Figure 2.5(a) depicts
a typical diamond mode deformation in which the buckle consists of several abrupt dips
with the pipe wall moving towards the centroid of the cross-section. Shown in Figure 2.5(b)
is a special case of a diamond mode buckle in which there is only one large dip, and is
commonly referred to as the Brazier mode [28]. Figure 2.5(c) depicts a typical bulging
mode in which the pipe wall in the bulge moves outwards. Multiple wrinkles can be
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observed in Figure 2.5(d) which were formed by continuing the analysis beyond the
softening range associated with the first wrinkle, until the development of a second wrinkle
initiates.

(b) Brazier Mode

(a) Typical Diamond Mode

(c) Typical Bulging Mode

(e) Flexural Dominant Wrinkle

(d) Multiple Wrinkles

Figure 2.5: Local Buckling Deformations [26]

2.2.3

Wrinkle Shapes

Zhou and Murray [26] concluded that an entire spectrum of buckling configurations can
occur under different loading conditions; however, the wrinkle shape is primarily
dependent on the internal pressure. It was found that pipe segments loaded in the axial or
transverse direction with zero or low internal pressure buckle in diamond modes. However,
pipe segments subjected to identical axial or flexural loads with moderate or high levels of
internal pressure will buckle in bulging modes, such that the greater the internal pressure,
the smaller the deformation gradient. Furthermore, it was also concluded that the
magnitude of the applied bending moment will generally govern the extent of the buckled
deformation. Specifically, it was observed that when the flexural deformation dominates,
the compressive region on the cross-section is confined to the compressive side and hence
so is the buckle. This type of buckle configuration has also been referred to as a
non-axisymmetric wrinkle, as shown in Figure 2.6(a). Conversely, when axisymmetric
compressive axial loading is applied, the buckle develops across most if not the entire
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circumference. This type of buckle configuration has also been referred to as an
axisymmetric wrinkle, as shown in Figure 2.6(b).

(a) Non-axisymmetric Wrinkle

(b) Axisymmetric Wrinkle

Figure 2.6: Typical Wrinkle Shapes [3]

2.3

Wrinkle Failure Modes

Despite extensive research work describing the conditions under which a wrinkle
deformation will initiate, failure conditions for wrinkle deformations remains as an area
with limited literature. That said, experimental laboratory tests have been previously
carried out to provide the information required to assess the risk of failure within a pipeline
wrinkle. A full-scale test program by Das et al [29] was conducted to study the limit strains
and failure modes of asymmetrically wrinkled NPS12 pipes. Eight full-scale pipe
specimens were pressurized and tested under two different types of loading histories; one
of which under purely monotonic axial loading and the other under monotonic-cyclic axial
loading. It was observed that wrinkled pipe specimens may undergo two different types of
failure modes. First, wrinkled pipes tend to exhibit extremely ductile behaviour under
monotonically increasing axisymmetric compression loads and constant internal pressure.
Specifically, it was found that wrinkles in their post-buckling loading stage did not fracture.
Rather, the pipe specimens failed due to excessive cross-sectional deformation in which
multiple wrinkles began to initiate, as shown in Figure 2.7(a). However, pressurized
wrinkled pipes subjected to axisymmetric cyclic loading fractured circumferentially along
the wrinkle apex due to strain-reversals, as shown in Figure 2.7(b). This observation is of
paramount importance as this confirms that a leak or rupture could initiate as a result of
fatigue failure, induced by strain-reversals caused by subsequent loading cycles such as
temperature or pressure fluctuations.
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(a) Accordion-type Failure

(b) Fracture-type Failure

Figure 2.7: Typical Wrinkle Failure Modes [3]

2.4

Cyclic Pressure Loading

Cyclic pressure loading is a complex loading case in which the internal pressure oscillates
intermittently, ranging between a wide range of varying spectra. Several different
management programs have been developed by pipeline operators to mitigate the effects
of such loading. The following subsections discuss in detail the sources of pressure cycling,
as well as industry-specific management programs and mitigation strategies.
2.4.1

Sources of Pressure Cycling

As previously mentioned, strain-reversals initiating as a result of pressure fluctuations can
lead to fatigue failure, particularly if a pipeline defect is present. Hence, it is important to
establish the sources of such pressure fluctuations or cycles. Oil pipelines very commonly
undergo complex cyclic pressure loading, typically as a result of normal operations [30],
[31]. Such operations include but are not limited to:
a) Line start-stop, which is the process of starting and stopping the downstream flow
of petroleum products during normal operation.
b) Pipeline pigging, which is a concept in pipeline maintenance that involves the use
of devices known as PIGs (pipeline intervention gadgets) that may be used to either
clean and/or check the condition of a pipeline.
c) Product injection, which occurs normally near or at initial injection stations where
the petroleum product is delivered into the line (i.e. storage facilities).
d) Unexpected line shut-down events, which occur at the discretion of the pipeline
operator and are normally a preventative measure to avoid imminent risks of
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financial loss or health and safety.
Figure 2.8 shows the discharge pressure obtained at an Enbridge Pipeline pump station for
a 10 day period. This pressure data was acquired from the Enbridge Supervisory Control
and Data Acquisition (SCADA) system, which collects real-time pressure data along the
pipeline system. Operational review within this duration identified numerous pipeline
events including product injection and deliveries, and pigging processes which may have
likely been the source of the fluctuations in the operating pressure.

Figure 2.8: Pressure Profile for 10-Day Period at Pump Station [30]

2.4.2

Industry Pressure Cycling Management Programs

In an effort to identify periods in which pipelines could be undergoing severe pressure
cyclic loading, several pipeline operating companies have developed or are in the process
of developing internal monitoring programs, to ensure the integrity of its pipeline
infrastructure is not compromised. As described by Song et al [30], a Pressure Cycling
Monitoring (PCM) program was initiated at Enbridge Pipelines Inc. to monitor the Pressure
Cycling Severity (PCS) change with time during regular line operations. In conducting the
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PCM program, an estimated fatigue life of an initial flaw is obtained by conducting fatigue
analysis using the Paris Law equation, an initial flaw with dimensions proportionate to the
outer diameter and wall thickness of the pipe, and the operating pressure data. This fatigue
life is calculated based on the time for the initial flaw to propagate through the pipe wall to
a predefined final depth. The results of the fatigue life analysis are plotted with the time
span identifier on the horizontal axis and the estimated fatigue life on the vertical axis. The
resulting plot is referred to as the PCS chart. Three separate regions within this chart are
used to identify periods of high, medium and low PCS periods; where a fatigue life less
than 17 years, a fatigue life between 17 and 34 years, and a fatigue life greater than 34
years corresponds to high, medium and low pressure cycling respectively.
As demonstrated by Song et al [30], the Enbridge PCM program has proven to be a
convenient tool for this pipeline operating company in identifying pipelines that are
trending towards aggressive pressure cycling. Figure 2.9 shows the result of a case study
indicating variability of the PCS at two pump stations along a segment of an Enbridge
Pipeline System. Based on this figure, it can be seen that prior to mid-2007, the PCS of
both pump stations follows similar trends, such that the PCS is within the low period of the
chart. However, the portion of this figure beyond 2007 suggests a rapid change in the PCS,
such that the PCS corresponding to station B transitions from the low region to the medium
region. Operational review of the pipeline revealed this transition arose as a result of
start/stop operation changes at downstream pump station B. Once a pipeline has been
identified as operating aggressively according to the PCS, allowable pressure cycling limits
can be set [32]. Doing so ensures the PCS is reduced while preventing dramatic reductions
in operating capacity.
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Figure 2.9: PCS Chart for Enbridge Pipeline System [30]

Enbridge Pipelines has now developed two processes to manage pressure cycling on
existing and future assets [33]. Pressure cycling evaluations on existing lines employ the
use of the PCM program in which the concept of Fracture Mechanics and the Paris Law
relationship is used to monitor the PCS during pipeline operations. Whereas pressure
cycling evaluations on new pipeline projects are based on a Stress-Life approach, to ensure
the pipes have been designed to withstand the estimated cycling on the new line.
2.4.3

Pressure Cycling Mitigation Strategies

In addition to developing a program for identifying periods of aggressive pressure cycling,
Enbridge Pipelines has also established strategies to mitigate overall pressure cycling risks
[33]. Specifically, the three methods of mitigation which pipeline operating companies like
Enbridge normally makes use of are discussed in brief detail.
First, strategies to reduce the frequency of pressure cycling are introduced. Particularly,
changes to the operation of the pipeline may be considered to decrease the occurrence of
pressure fluctuations. Such changes include but are not limited to:
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a) Increasing batch sizes for mixed commodity lines
b) Adding or adjusting tankage, if increased batch sizes are limited
c) Removing mechanical separation PIGs
d) Introducing automatic PIG bypasses
e) Synchronizing injections and deliveries
f) Reducing the number of types of commodities transported on a system by
combining compatible products; also known as quality pooling
Second, strategies to reduce the pressure cycle frequency are explored. In particular,
modifications to operations of the pipeline may be employed to reduce the extent or
intensity of the pressure cycles. Such changes include but are not limited to:
a) Optimizing the batch plan or moving certain commodities to commodity-specific
lines if the pressure cycling results from significant density and viscosity variances
b) Imposing discharge pressure restrictions on a line
c) Imposing the overall flow rate of a line
d) Injecting Drag Reducing Agents to allow the line to run at lower pressures
e) Control the holding pressure or static lock-in pressures to lessen the effect of
pipeline operations that introduce major pressure cycles, such as start-stop
operations
Third, other strategies that encourage maintaining the overall integrity of the pipeline are
commonly considered, to reduce the probability of failure. Such strategies include but are
not limited to:
a) Increasing the frequency of running In-Line Inspection crack detection tools to
provide earlier detection to any changes to the condition of a pipe
b) Re-hydro-testing a line to confirm the specified maximum operating pressure
c) Replacing pipe segments that show indications of high susceptibility of failure
2.5

Studies of Fatigue Life of Pipes with Defects

This section of the literature review provides an overview of the previous research work
which has been completed to study the fatigue life of pipelines with one or multiple defects.
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Although limited in terms of content, it was found that a previous study has been conducted
to investigate the fatigue life of wrinkled bends subjected to pressure cyclic loading; hence,
this study will be the primary focus of this section. Additionally, it was also found that
several studies have been conducted to examine the fatigue life of pipelines with other
defects such as ripples and dents. It was deemed that these studies show relevance to the
study of the fatigue life of wrinkled pipes; mainly as many of these studies employed the
use of the Stress-Life approach to calculate the remaining life of a defective pipe, which
will be the basis of the fatigue life analysis in the superseding chapters. Hence, the research
works presented in this section will be divided into three main groups; namely, studies of
pipelines with wrinkle defects, studies of pipelines with ripple defects and studies of
pipelines with dent defects. Figure 2.10 provides a visual representation of each of the
previously mentioned defects, distinguishing each of these based on their geometric
characteristics.

(a) Wrinkle Defect

(b) Ripple Defect

(c) Dent Defect

Figure 2.10: Sketches of Typical Pipeline Defects

2.5.1

Wrinkle Defects

It was recognized that concerns exist within the oil and gas industry in regards to the effects
of wrinkle bends (see Figure 2.10(a)) on the overall integrity of pipelines. Hence, a study
was undertaken by Stress Engineering Services, Inc. to evaluate the relative severity of
wrinkle bends present in the El Paso Pipeline system (now acquired by Kinder Morgan,
Inc.). Alexander and Kulkarni [34] initiated a study which involved a combination of
full-scale pressure cyclic fatigue tests, along with finite element analysis (FEA), to
determine the number of cycles a wrinkled pipeline segment could undergo before failure
initiates. In addition, a feasibility study of the use of E-glass as a composite material was
also conducted to establish the potential to improve the service life of the defective pipes.
Furthermore, consideration was also given to the effects of metal loss due to corrosion in
this study.
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Alexander and Kulkarni [34] carried out full-scale experimental tests on three pipe test
specimens cut out from field line pipes obtained from the El-Paso Pipeline system. Each
test specimen comprised of the presence of two adjacent wrinkle bends. One wrinkle on
each test sample was reinforced using the proposed E-glass material. The reinforcement
was installed such that one-third of the composite thickness was oriented longitudinally,
whereas the remaining two-thirds of the composite thickness was oriented
circumferentially. Upon completion of the experimental testing, finite element analyzes
were performed to establish SCFs associated with the wrinkles. The SCFs were calculated
by normalizing the calculated maximum axial stress in the wrinkle (on the interior face of
the pipe) by the nominal axial stress in the pipe, as shown in Equation (2.1).
𝑆𝐶𝐹𝑎𝑥𝑖𝑎𝑙 =

𝛥𝜎𝑎𝑥𝑖𝑎𝑙
𝛥𝑝𝑖 ⋅ 𝑟𝑜
[ 2𝑡
]

(2.1)

Using the established SCFs, fatigue lives were evaluated using a Stress-Life approach,
which were then compared to the results obtained from the pressure cyclic test results. The
primary objective of this study was to develop a methodology for assessing the severity of
wrinkle bends using geometric measurements, and would be applicable for a broad range
of pressure cycling spectra. Hence, by combining the evaluated SCFs with the concept of
Miner’s Rule and typical cycle counting practises (rainflow analysis), a methodology was
proposed which could be used to evaluate wrinkles of varying geometries undergoing
pressure cycling of different magnitudes.
The developments and conclusions from this study produced the basis for the evaluation
of wrinkles undergoing pressure cyclic loading. However, this study was limited in terms
of its scope. Particularly, the effects of only two primary variables were evaluated in this
study; namely, the wrinkle severity ratio (ℎ/𝑙), which is defined as the ratio of the wrinkle
amplitude (ℎ) and the wrinkle length (𝑙), and the diameter-to-thickness ratio, 𝐷/𝑡, defined
as the ratio of the pipe diameter (𝐷) and the wall thickness (𝑡). Using FEA, wrinkles with
equivalent ℎ/𝑙 ratios were varied from 0.05–0.5, to study its effects on wrinkled pipes with
𝐷/𝑡’s ranging from 50–100. Furthermore, this study focused on wrinkle bends, which
limited this study to pipes with wrinkles that initiate within pipelines that have not yet been
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commissioned. Specifically, no consideration was given to the effect(s) of the internal
pressure; since wrinkle bends are created during the construction of a pipeline, which
would indicate the absence of any internal pressure as the pipeline is not yet in service.
This observation is important to acknowledge as pipelines that undergo wrinkling during
operation are likely to be pressurized, which in turn would govern the geometry of the
resulting wrinkle. As previously mentioned, pipe segments which undergo wrinkling with
zero or low pressure form buckles with large deformation gradients; that is, the resulting
change in the profile of the wrinkle tends to be abrupt. Generally, it is regarded that the
more abrupt the change in geometry, the higher the stress concentration. Hence, it is
believed that employing the use of SCFs established from this study to evaluate the fatigue
life of wrinkles formed while in operation would be conservative, when compared to the
actual conditions in wrinkle bends. Lastly, according to Alexander and Kulkarni [34],
although the trends established in this study did show consistency, it was identified that
only two out of the six tested specimens resulted in failure at the expected failure initiation
sites. Specifically, based on the finite element results, the maximum axial stress occurred
at the center of the wrinkle. Hence, it was thereby inferred that fatigue cracks should also
initiate at the wrinkle crest. Contrary to that expectation, four of the tested specimens
produced failures outside of the wrinkled region completely. To be more exact, two
specimens resulted in cracks developed in the welds adjoining the fittings to the adjacent
end caps, one specimen produced a crack beneath the rehabilitated segment, and one
specimen produced a longitudinal crack outside of the rehabilitated segment.
2.5.2

Ripple Defects

Ripple defects (see Figure 2.10(b)), which are commonly described as the precursors to the
development of more severe deformations such as wrinkles or buckles have been
extensively studied; particularly in regards to ripple defects subjected to cyclic loading
conditions. Contrarily, pipelines with wrinkle defects remains as an area for further
research. Rosenfield et al [35] completed a comprehensive literature survey, to review
previous studies regarding the evaluation of pipelines with the presence of ripple defects.
Reiterating the entire review is redundant and hence, the primary inferences made from
this review are hereby discussed. The following summarizes the main conclusions from
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this literature survey which formed the basis for the acceptance criteria in current pipeline
codes and standards. It was concluded that for shallow ripples found in pipelines used to
transport gas commodities, having crest-to-trough dimensions up to 1% of the outer pipe
diameter would not be expected to be harmful, provided that the pipeline operates in an
excess of 47 ksi (324 MPa). This allowance further increases to 2% of the outer pipe
diameter for pipelines operating at less than 37 ksi (255 MPa). Similarly, shallow ripples
found in pipelines used for hazardous liquid pipelines having crest-to-trough dimensions
up to 0.5% of the outer pipe diameter would not be expected to be harmful, provided that
the pipeline operates in an excess of 47 ksi (324 MPa). This allowance further increases to
2% of the outer pipe diameter for pipelines operating at less than 20 ksi (138 MPa).
2.5.3

Dent Defects

A dent defect is generally described as a localized depression that produces a noticeable
disturbance in the curvature of the pipe wall, without significant reduction to the wall
thickness (see Figure 2.10(c)). These types of defects are most commonly introduced as a
result of mechanical damage to the pipe from contact between the pipe and a foreign object.
Similar to ripple defects, many studies have been reported to have studied the effects of
dent defects on pipelines, particularly regarding fatigue failure induced by pressure cyclic
loading.
Pinheiro et al [36]–[38] and Cunha et al [39] undertook a research program based on an
experimental and numerical approach, to examine the fatigue life of steel pipelines with
dents subjected to cyclic internal pressure. The methodology employed was to apply the
high cycle fatigue theory and utilize stress concentration factors induced as a result of the
dents, to adjust standard S-N curves. A finite element model was used to estimate stress
concentration factors induced from spherical, longitudinal, and transverse dents for various
pipe and indenter geometries (see Figure 2.11). The numerical analysis consisted of an
elastic-plastic model of the denting process, followed by a linear elastic analysis to
determine the stress concentration factors. The numerical models were validated by
comparing experimental results of the strain-history during the denting process and the
application of cyclic internal pressure on small-scale steel pipes. These pipe specimens
were 730 mm in length, had an external diameter of 73 mm and a wall thickness of
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3.05 mm, corresponding to a diameter-to-thickness ratio (𝐷/𝑡) of 24. Fatigue tests were
conducted to investigate the behaviour of dented steel pipes under cyclic internal pressure,
to verify the validity of the proposed methodology. Upon confirmation of agreement with
the experimental and numerical results, analytical expressions were then developed by
combining geometric parameters for the three different dent types, by applying the concept
of Buckingham’s П theorem (a fundamental theorem in dimensional analysis used in
engineering, applied mathematics, and physics). These analytical expressions are
significant as they allow the possibility to extend the conclusions from this study to pipes
and indenters outside of the scope of geometries examined in these studies.

(a) Spherical Dent

(b) Longitudinal Dent

(c) Transverse Dent

Figure 2.11: Typical Pipeline Dent Configurations (Adapted from Pinheiro et al [37])

Alexander and Jorristma [40] performed a Level 3 assessment in accordance with the
API 579 standard [41], to determine the resulting stresses in a 2% dent defect, in a
20-inch (508 mm) diameter pipe with a wall thickness of 0.406-inch (10.3 mm).
Correspondingly, the equivalent diameter-to-thickness ratio (𝐷/𝑡) of these pipe specimens
was equivalent to 50. The purpose of this assessment was to establish a stress concentration
factor of a dent defect detected during an in-line inspection of the Shell Pipeline system in
Houston, Texas. This assessment was completed using FEA to calculate a stress
concentration factor, which was then verified with experimental fatigue data of a dent
defect with a comparable profile. Unlike the approach used by other researches in previous
studies [36]–[39], the dent defect was introduced into the finite element model by directly
assigning the geometry data, provided from the in-line caliper tool inspection run. Hence,
the material definition in the model used in this assessment consisted of only linear elastic
material properties, rather than defining a nonlinear elastic-plastic material for the denting
process. This approach for establishing stress concentration factors was validated by
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comparing stress intensity factors from a study involving fatigue test results of pipes with
similar dents. Specifically, these dents had an initial dent depth of 15% of the pipe’s outer
diameter and were applied to a 24-inch x 0.311-inch (610 mm x7.9 mm) API 5L X52 pipe.
These dented specimens were cycled from 10%–80% SMYS until failure occurred, leading
to a through-wall longitudinally oriented fatigue crack along the shoulder of the dent.
Additionally, using field data reflecting actual pressure fluctuations observed within the
pipeline, the established stress concentration factors were then used to estimate the
remaining life of the dented pipeline segment. A rainflow counting analysis was performed
on the available pressure data using the CRUNCH software package [42]. The rainflow
counting analysis was conducted in order to translate the random pressure cyclic data to a
meaningful format, that could be used to generate a single equivalent pressure cycle data
value using Miner’s Rule. Based on historical pressure cycle data analysis for a one-year
period, it was estimated that a dent defect with a depth of 2% of the diameter can undergo
65 years of aggressive pressure cycling conditions. Contrarily, it was estimated that a dent
with a similar profile subjected to relatively moderate pressure cycling may undergo 3,011
years before failure.
Longitudinal Crack

Longitudinal Cracks

(a) Specimen #9

(a) Specimen #10

Figure 2.12: Photographs of Longitudinally Oriented Fatigue Cracks with Dent Defect [40]

In an effort to expand on the conclusions made by the previously discussed studies,
Durowoju et al [43] undertook a comprehensive parametric study to evaluate stress
concentration factors arising due to dent defects, conforming to a wide range of parameters.
A three-dimensional nonlinear elastic-plastic finite element model was developed to
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examine the effects of pipe geometry, dent geometry, and material properties on the
estimation of the fatigue life. Using ANSYS Mechanical [44], two types of indenters (dome
and bar) were used to simulate circumferential and longitudinal dents. Furthermore, four
different dent depths ranging from 2%–10% of the external diameter were also simulated,
to investigate the effect of dent geometry. Additionally, four different pipe grades (API 5L
X42, X65, X80 and X100) were input into the model to investigate the effect of the pipe
grades. Lastly, eight pipes with varying diameter-to-thickness ratios ranging from 18–96
were analyzed by varying the pipe wall thickness (𝑡), to investigate the effect of pipe
geometry. Results from this study showed that pipes with higher mechanical properties
belonging to higher pipe grades exhibit larger stress concentrations, in comparison to pipes
with lower material strength of equal dent depth. Furthermore, it was also observed that
stress concentration decreases with increasing pipe geometry (increasing 𝐷/𝑡), for
equivalent dent depths and material grades. Lastly, it was shown that dents with a
longitudinal configuration exhibit higher stress concentration, in comparison to
circumferential dents of similar dent depths.
2.6

Current Codes and Standards

According to the review of the relevant documented literature, several significant
developments have been made, to develop a framework for evaluating pipelines with
defects. However, despite these ongoing efforts, current pipeline codes and standards still
remain as limited sources of information, specifically in regards to evaluating the severity
of wrinkle defects. The following section summarizes the relevant provisions within the
available current codes and standards pertaining to wrinkle defects and the design
considerations for fatigue failure.
2.6.1

Permissible Wrinkle Bends / Defects

Although wrinkle bends are now considered an outdated practice for pipe bends, certain
codes and standards still permit the allowance of this obsolete practice. The AS-2885 [45]
standard is comparably the most permissive in terms of design standards, in regards to the
acceptance limits for wrinkle bends. Particularly, Clause 6.6.3(a) limits the height of any
buckle arising from cold-field bending to a maximum height to length ratio of 5%.
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Furthermore, the pipe shall be bent such that any ovality in the pipe does not lead to a
reduction of the internal pipe diameter exceeding 5% of the nominal internal pipe diameter
(Clause 6.6.3(b)). Lastly, the surface strain within the bend shall not exceed 10%
(Clause 6.6.3(c)).
Apart from ripples or buckles initiated as a result of cold-field bending, the Australian
Standard, AS-2885 [45] classifies any buckle with a height greater than 50% of the wall
thickness as a defect (Clause 6.4.3) and hence, suggests that it be removed or repaired
(Clause 6.4.1). Aside from these provisions, this standard does not distinguish between
acceptance limits for field bends within pipelines used for oil transport and gas transport.
Unlike the AS-2885 [45] standard, the Canadian Standard, CSA Z662-19 [8] is
comparatively less permissive in regards to wrinkle bends. First, the CSA Z662-19 [8]
recommends that any longitudinal pipe weld (seam weld) shall be or near the neutral axis
of the bend (Clause 6.2.3(c)). Second, the CSA Z662-19 [8] requires wrinkles within a
wrinkle bend be spaced at a minimum distance equal to the diameter of the pipe
(Clause 12.6.2). Contrarily, the AS-2885 [45] standard does not mention any provisions
regarding the orientation of the seam weld or minimum spacing, with respect to cold bends.
Furthermore, Clause 10.10.8.3(b) of the CSA Z662-19 [8] limits the height of any ripple,
wrinkle or buckle to a maximum of 2% of the outside pipe diameter. This limit further
reduces depending on the operating conditions and the contents being transported (liquid
or gas products), as shown in Figure 2.13. These limitations were adopted based on the
study conducted by Rosenfield et al [35].
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Figure 2.13: Recommended maximum allowable ripples, wrinkles, and buckles for steel pipes for steel [8]

In regards to the provisions regarding out-of-roundness, or otherwise known as ovality, the
AS-2885 [45] and the CSA Z662-19 [8] are similar. The CSA Z662-19 [8] limits pipe out
of roundness to the difference between the maximum and minimum diameters not
exceeding 5% of the specified outside diameter of the pipe (Cl.6.3.4.2).
The provisions outlined in the American Standard, ASME B31.8 [6] standard are nearly
analogous to those provided in the CSA Z662-19 [8]. In particular, the ASME B31.8 [45]
does permit the use of wrinkle bends in pipelines used for gas transport, provided the
following conditions are satisfied (Section 841.23(g)):


When wrinkle bends are made in welded pipes, the longitudinal weld shall be
located on or near the neutral axis of the bend.



Wrinkle bends with sharp kinks shall not be permitted.



Spacing of wrinkles shall be measured along the crotch of the pipe bend, and the
peak to peak distance between the wrinkles shall exceed the diameter of the pipe.

Aside from those similarities however, the ASME B31.8 [6] standard does not permit the
use of wrinkle bends in pipelines used for transporting sour gas, a highly toxic natural gas
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containing significant amounts of hydrogen sulphide (Section B841.231). Neither the
AS-2885 [45] nor the CSA-Z662-19 [8] standards provide any similar provisions in regards
to the usage of wrinkle bends in pipelines used for sour gas transport.
In comparison to the previously mentioned standards, it appears as the ASME B31.4 [5]
standard is most likely the least permissive, in regards to permitting the use of wrinkles
within cold bends. According to Section 406.2.4, the ASME B31.4 [5] suggests an overly
conservative approach, which completely prohibits the use of wrinkle bends in pipelines
used for liquid petroleum transport. Furthermore, according to Section 434.5(b), any
distortion, buckling, denting, flattening, gouging, grooves, or notches, and all defects of
this nature shall be prevented, repaired, or eliminated.
2.6.2

Fatigue Assessments

Although current codes and standards do suggest that fatigue failure be considered in the
design and integrity assessment of pipelines, limited guidance is provided on how to
specifically do so; particularly when defects are present which could reduce the fatigue
life. The following discussions present the relevant provisions in regards to fatigue analysis
arising due to cyclic loading, presented in the American standards ASME B31.4 [5] and
ASME B31.8 [6], and the Canadian Standard CSA Z662-19 [8] respectively:


Section A402.3.4(c) of ASME B31.4 [5] Design Against Fatigue — The pipeline
shall be designed and installed to limit anticipated stress fluctuations to magnitudes
and frequencies which will not impair the serviceability of the installed pipeline.



Section A842.211 of ASME B31.8 [6] — Pipelines and risers shall be designed
against the fatigue failure.



Clause 11.11 of CSA Z662-19 [8] — Pipelines shall be designed for adequate
fatigue life. Stress fluctuations imposed during the entire life of the pipeline,
including those imposed during the installation phase, shall be estimated. Such
stress fluctuations can result from wind effects, vortex shedding, wave and current
action, fluctuations in operating pressure and temperature, and other variable
loading effects.
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The API standard API 579/ASME FFS-1 [41] is widely accepted within the energy sector,
as an engineering approach to establish if equipment is fit to continue operation for a
desired period. Generally, this standard is utilized when equipment shows indications of
damage or flaws, and cannot be evaluated by the use of original design codes or standards.
Most commonly, fitness-for-service (FFS) assessments are broken down into multiple
levels, such that each successive level arrives at more accurate outcomes, at the expense of
increasing cost, effort, and complexity. The API 579/ASME FFS-1 standard [41] specifies
three levels of assessments, each of which are progressive. Level 1 is the most conservative
but also regarded as the easiest, which generally requires basic inspection data. Level 2
provides a more detailed evaluation, which produces results that are more precise from
those established from a Level 1 assessment. Level 3 provides the most detailed evaluation,
but normally requires more detailed data and a considerable amount of operational
experience from the FFS analyst. The API 579/ASME FFS-1 [41] standard is divided into
12 main sections, based on the observed flaw or damage. Part 14 pertains to evaluations of
fatigue damage in pressurized components subjected to cyclic loading. According to
Part 14, Levels 1, 2 and 3 are described by the following methodologies:


Level 1 includes initial screening criteria that may be used to determine if a more
thorough fatigue analysis is required. The fatigue screening procedures are based
on the methods available in Part 5 of ASME BPVC Section VIII, Division 2 [46].



Level 2 procedures are based on the local primary + secondary + peak equivalent
stress range computed for each cycle in the user-specified loading history. An
alternating stress is then calculated for appropriately comparing with smooth bar
fatigue curves within the ASME BPVC Section VIII, Division 2 [46]. Damage is
accumulated according to the Palmgren-Miner model.



Level 3 is a multi-axial critical-plane, strain-life approach that incorporates the
effects of non-proportional loading and load sequence effects to identify the plane
of maximum damage.

2.7

Summary

A wrinkle defect formation within the pipe wall of oil and gas pipelines is not uncommon,
regardless of the initiating event. Whether it may be as a result of large local deformations
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due to geotechnical and/or environmental changes or be an inherent consequence of certain
pipeline bending practises, the formation of a wrinkle defect can grow rapidly, ultimately
leading to fracture. The geometry of a wrinkle defect is highly dependent on the loading
conditions at the instance of the onset of wrinkling, and consequently governing the
severity of the buckled region. Cyclic loading arising as a result of pressure fluctuations,
which can be introduced by typical pipeline operations can lead to continuous strain
reversals, causing fatigue damage to the pipe wall within the wrinkle crest. Several studies
have been conducted to evaluate stress concentrations arising from typical pipeline defects,
such as wrinkles, ripples, and dents. The results from these studies suggest that a high cycle
Stress-Life fatigue analysis can be an effective approach for evaluating fatigue damage,
resulting from pressure fluctuations. Lastly, although several developments have been
made in regards to evaluating defective pipes, provisions in current design codes and
standards are still limited to fully evaluate the severity of a wrinkle defect. Hence, it appears
that a Level 2 assessment methodology, as described by Part 14 of the
API 579/ASME FFS-1 standard [41], would be an acceptable approach to evaluate the
severity of wrinkles subjected to pressure fluctuations.
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3.

EXPERIMENTAL PROGRAM

3.1

General

As shown in the literature review, several studies were reported to have conducted
experimental programs in an effort to investigate fatigue failure, arising in defective
pipelines as a result of pressure cyclic loading [34], [36]–[40], [43]. Only one documented
study was found, however, which investigated the behaviour of wrinkle bends subjected to
pressure cyclic loading [34]. Distinctively, the current research study focuses on examining
wrinkle defects developed in operational pipelines due to soil movement, rather than
wrinkles arising due to the cold bending process. This experimental program consisted of
a combination of two independent phases. The first phase of the experimental program
introduced a wrinkle defect with varying geometries within multiple different specimens.
Subsequently, these defective specimens were subjected to cyclic internal pressure loading,
representative of typical pressure fluctuations in pipelines in service. This phase was
continued until a failure occurs at the wrinkle region, where “failure” refers to either the
formation of a leak or rupture at the wrinkle location.
Investigating the effects of pressure cyclic loading on wrinkle defects by examining the
entire spectrum of wrinkle profiles, pipeline geometries, material properties, and pressure
cycling magnitudes would not be feasible, in terms of time and resources. Rather, the
objective of this experimental program was to develop a sufficient collection of data, which
could be further utilized to validate a developed numerical model. The following sections
describe the considerations given to the selection of test specimens, and the details of the
test setups and procedures for both phases of testing, as well as the utilized testing
instrumentation.
3.2

Stage 1 - Wrinkle Defect Initiation

The following subsections discuss the details and considerations corresponding to the
wrinkle defect initiation stage; namely, Stage 1 of this experimental program.
3.2.1

Selection of Specimen Parameters

Careful consideration must be given before selecting any geometric properties of a
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structural member, as the geometry can greatly influence the structural response to external
loading. Hence, the geometry of the test specimens was selected such that the size of the
test specimens had geometric proportions representative of pipes, typically used in the oil
and gas pipeline industry. It is widely accepted that the diameter-to-thickness ratio (𝐷/𝑡)
is an influential parameter that governs the behaviour of pipelines, particularly in regards
to influencing the magnitude of wrinkling. Generally, pipelines used to transport petroleum
products have a 𝐷/𝑡 ratio ranging from 20 to 100. Test data belonging to a similar study
of wrinkled bends subjected to pressure cyclic loading for 30-inch x 0.312-inch and
22-inch x 0.312-inch pipes is available [34]. The equivalent 𝐷/𝑡 ratios of these pipes is
96 and 70.5, respectively. Hence, in an effort to examine pipeline geometries unlike those
examined in the previous study, a target 𝐷/𝑡 ratio of 50 was selected. Additionally, the
diameter and wall thickness of the pipes needed to be selected in order to comply with
testing limitations, arising due to maximum axial load capacity constraints of the load
frame. Hence, NPS6 pipes with an outer diameter of 6.625-inch (169.5 mm) and wall
thickness of 0.134-inch (3.4 mm) were selected for this experimental program. The
equivalent 𝐷/𝑡 ratio of the selected pipes was equal to 50, equivalent to the intended 𝐷/𝑡
ratio of 50 for this study.
In addition to the pipe wall thickness and diameter, test specimens were prepared by cutting
equal lengths from the selected pipe segment. The length of the specimens was selected
based on several different considerations. Firstly, the length of the specimens had to be
sufficiently long enough to allow for a wrinkle defect to develop. Furthermore, sufficient
length was required in order to avoid the effects of the boundary conditions near the
endplates, within the wrinkled region. Lastly, test specimens with excessively large lengths
were also avoided, in order to prevent global buckling (also referred to as Euler buckling).
Global buckling describes the phenomenon in which a member subjected to axial loading
deforms with no deformation in its cross-sectional shape, but rather undergoes an overall
deformation perpendicular to the axis of the member. Based on the judgement established
from previous research studies, it is regarded that a length to diameter ratio of four is
generally suitable for the intended testing. Hence, an ideal length of 2-feet-2-inch
(660.4 mm) was established, while giving appropriate attention to the previously discussed
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considerations.
The material grade of the test specimens was selected considering the availability of steel
pipes from nearby pipeline suppliers, but also recognizing the limitations of the available
testing equipment. According to the API 5L [9] specification, several different pipes
suitable for the use of transporting oil and gas are specified, each with varying grades. In
particular, the grades covered by this specification range from Grade A to X80, with
specified minimum yield strengths (SMYS) ranging from 30 ksi to 80 ksi
(206 MPa to 552 MPa). Pipes conforming to Grade X42 as specified in the API 5L [9] were
selected for the purpose of this experimental program. These pipes were produced by a
single longitudinal seam weld, created by the process of electric resistance welding (ERW).
Neither the influence of the production process nor the effect of the presence of the seam
weld on the fatigue response of the pipe were considered in this study.
3.2.2

Selection of Internal Pressure

Oil and natural gas pipelines are similar as both utilize pressure-driven flow, to facilitate
long-distance transportation of petroleum products. Oil transmission pipelines typically
transport

liquids

at

an

internal

pressure

between

600

psi

to

1000

psi

(4137 kPa to 6895 kPa), whereas natural gas transmission pipelines transport gas at higher
pressures of 1000 psi (6895 kPa) or greater [47].
According to Clause 13.1.9.1 of the CSA Z662-19 standard [8], the maximum operating
pressure is limited to the lesser of 80% of the minimum test pressure; or the established
design pressure. The minimum test pressure is defined as the lowest pressure a pipeline
component must be able to withstand during a hydrostatic test without any leak(s) or
rupture, to confirm its pressure-retaining capability, which is described in Clause 8.7.3.1.
The design pressure is defined as the maximum pressure at which piping is qualified to be
operated at, and is described in detail in Clause 4.3.5. According to this provision, the
design pressure (𝑝𝑑𝑒𝑠𝑖𝑔𝑛 ) for a straight pipe shall be determined by Equation (3.1), as
shown below:

33

𝑝𝑑𝑒𝑠𝑖𝑔𝑛 =

2 𝑆𝑀𝑌𝑆 𝑡
× 𝐹 × 𝐿 × 𝐽 × 𝑇 ≈ 𝑝𝑦 × 𝐹 × 𝐿 × 𝐽 × 𝑇
𝐷𝑜

(3.1)

where,
𝑆𝑀𝑌𝑆

= Specified minimum yield strength, MPa

t

= Thickness of pipe wall, mm

𝐷𝑜

= Outer diameter of pipe, mm

𝐹

= Design Factor (see Clause 4.3.6)

𝐿

= Location Factor (see Clause 4.3.7)

𝐽

= Joint Factor (see Clause 4.3.8)

𝑇

= Temperature Factor (see Clause 4.3.9)

Clause 4.3.6 dictates the design factor (𝐹) to be used in Equation (3.1) shall be 0.8.
Considering ideal design conditions in which the location factor, joint factor and
temperature factor were all taken as unity, the maximum permissible design pressure
adhering to Clause 4.3.5 would be equal to 0.8𝑝𝑦 .
In contrast, accounting for unfavourable design conditions in which the location, joint, and
temperature factors were all taken as the least permissible, the arising reduction factors
would numerically be equivalent to 0.5, 0.6, and 0.87, respectively. Based on these
conditions, the maximum permissible design pressure adhering to Clause 4.3.5 would be
equal to 0.2088𝑝𝑦 . Additionally, the presence of minor pipeline defects such as corrosion,
dents or wrinkles could be further rationale to reduce the operating pressure. Hence, it can
be seen that there exists a wide range of permissible design pressures, well below the
maximum design pressure established for ideal conditions.
As discussed in Section 2.2.3, Zhou and Murray [26] concluded that the internal pressure
is influential in regards to the shape of a wrinkled segment of a pipeline. It was concluded
that in the absence or relatively low internal pressure, a pipeline undergoing localized
buckling would form a diamond mode buckle. In contrast, in the presence of relatively high
internal pressure, a similar pipeline undergoing localized buckling would form a bulging
mode buckle. This conclusion is important as this transitioning phenomenon in terms of
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the buckle geometry, gives rise to the belief that the presence of internal pressure could be
favourable in terms of the fatigue life of a wrinkle defect.
Hence, in this experimental program, the internal pressure (𝑝𝑖 ) was varied to examine the
effect of the internal pressure on the fatigue life of wrinkled pipes, particularly in regards
to the arising stress concentration factors. Therefore, two different internal pressures
equivalent to 0.3𝑝𝑦 and 0.8𝑝𝑦 were selected in this study, representative of unfavourable
and favourable design conditions, respectively. Yield pressure (𝑝𝑦 ) is defined as the
internal pressure to cause yielding of the pipe in the circumferential (hoop) direction,
expressed by Equation (3.2).
𝑝𝑦 =

3.2.3

2𝜎𝑦 𝑡
𝐷𝑖

(3.2)

Selection of Wrinkle Defect Profile

As demonstrated in Section 2.6, current codes and standards either recommend overly
conservative methods for evaluating wrinkle defects, suggest to simply proceed with
remedial actions and remove the defect, or are limited in terms of context with minimal
information. Clause 10.10.8.3 of CSA Z662-19 standard [8] limits the height of any ripple,
wrinkle or buckle to a maximum of 2% of the outside pipe diameter, which further reduces
depending on the operating conditions and the contents being transported.
In this experimental program, two separate groups of test specimens were developed, based
on the internal pressures used to initiate and form the wrinkle defect (0.3𝑝𝑦 or 0.8𝑝𝑦 ).
Within these two groups, multiple test specimens were created with varying wrinkle
amplitudes (h, measured from the wrinkle crest to wrinkle trough, as shown in Figure 3.1),
proportionate of certain ratios of the measured outside pipe diameter (𝐷𝑜 ).
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h

L

Do

Figure 3.1: Geometric measurements of wrinkle profile parameters

To be more exact, specific details regarding the geometric proportions of each specimen
have been included in Table 3.1.
Table 3.1: Wrinkle Defect Profile Measurements

Wrinkle
Amplitude,
h (mm)

Actual Wrinkle
Amplitude to
Diameter Ratio
(h/Do)**

Nominal
Wrinkle
Amplitude to
Diameter Ratio
(≈ h/Do)**

20.5

12.1

12

14

8.3

8

3

7.8

4.6

5

4

16.5

9.7

10

13

7.7

8

7

4.1

4

Test
No.

Internal
Pressure
(% of 𝑝𝑦 )*

1
2

5
6

80
(Group 1)

30
(Group 2)

* Yield pressure 𝑝𝑦 was established based on exact measurements of the
outside diameter of the pipe and pipe wall thickness, and yield strength obtained from material
tests (𝐷𝑜 = 169.5 mm, 𝑡 = 3.4 mm, 𝜎𝑦 = 315 MPa, 𝑝𝑦 = 1909 MPa)
** Wrinkle amplitude ratio h/Do ratio was established based on exact measurements
of the outside diameter of the pipe used in this experimental program (𝐷𝑜 = 169.5 mm)

It is important to acknowledge that although it was intended to develop test specimens with
wrinkles of equivalent ℎ/𝐷𝑜 ratio’s belonging to both Groups 1 and 2, it can be observed
there is some slight disparity. As will be described subsequently, the loading process
involved a sequence of complex loading and unloading trials to achieve the target wrinkle
amplitude. Controlling the incremental growth of the localized buckle was challenging,
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considering the axial stroke displacement of the actuator corresponding to each incremental
load. Hence, in some cases, subsequently loading the wrinkled specimen to achieve the
target wrinkle amplitude, inadvertently led to loading the specimen to the extent that the
measured wrinkle amplitude was already beyond the intended amplitude. It can also be
seen that there exists some disparity between test specimens 1 and 4, which are the test
specimens belonging to each group with the largest wrinkle amplitudes. Due to the
presence of relatively high internal pressure (0.8𝑝𝑦 ) used in Test No. 1, the corresponding
wrinkle profile gradient was comparably much less severe in comparison to Test No. 4.
Conversely, due to the presence of relatively low internal pressure (0.3𝑝𝑦 ) used in Test No.
4, the wrinkle profile gradient was comparably must more severe in comparison to Test
No.1. While testing, it was observed that the profile of the wrinkle deformation in Test No.
4 was extremely sharp. Subsequently loading the specimen to furthermore increase the
wrinkle amplitude, presented the potential for another wrinkle to initiate in the nearby
vicinity. Hence, a decision was made to cease further loading the specimen and
consequently, refrain from further increasing the wrinkle amplitude beyond 10% of the
outer diameter.
3.2.4

Modelling of Field Conditions

The loading applied to the test specimens in order to create the wrinkle defect was
representative of loads imparted onto an unrestrained buried pipeline in the field.
A buried pipeline is the term commonly used to describe any underground piping which is
completely enclosed with soil and is most commonly used for onshore pipeline systems.
These types of pipelines tend to respond differently to external loads and deformations,
due to the given pipeline-soil interaction. Specifically, underground (UG) pipes may
undergo differential stresses and strains depending on its position along the pipeline.
Figure 3.2 portrays a pipeline system which includes both underground and aboveground
sections. This pipeline is connected to two separate pump stations (pump stations 1 and 2)
which are assumed to be at a distance large enough that neither pump station imparts any
loads onto the adjacent station. The aboveground (AG) feeder pipe which initiates at the
pump station (points D and D’) terminates at the transitioning point where the pipeline then
goes underground (points C and C’). Due to sufficient axial and lateral friction between
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the pipe and the soil, the buried pipe between points A and A’ does not tend to move. Points
A and A’ are hence commonly referred to as virtual anchor points as these points prevent
any movement within this segment. Consequently, the system comprises of two parts:
restrained and unrestrained parts. Careful attention must be given to each part of this
pipeline as the structural response of both parts is entirely different. To be more exact,
internal stresses in the restrained part govern the system design, whereas the strains arising
as a result of pipe end elongations in the unrestrained parts at points B and B’ are critical
factors in the design.
The following sections provide a brief overview and comparison of the types of forces and
deformations which may arise as a result of operational loads, such as internal pressure or
thermal expansion and contraction, in both unrestrained and restrained pipelines. Although
not pertaining explicitly to the loading associated in this experimental program, the
behaviour of restrained pipelines has also been included. This discussion will later be used
to demonstrate the rationale for selecting the boundary conditions of the test setup used in
Stage 2 of this experimental program.
PUMP
STATION
1

D

D’
C
B

AG
UG

AG
UG

Virtual Anchor

Unrestrained Part

Restrained Part

A’

A

C’

PUMP
STATION
2

B’

Figure 3.2: Restrained and Unrestrained segments of a typical buried pipeline system

3.2.4.1

Unrestrained AG/UG Piping

Pipeline expansion (∆𝐿𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ) in unrestrained pipes arising due to internal pressure (𝑝𝑖 )
can be separated into two components. Firstly, the expansion arising due to the pressure
loads on the end caps and secondly, the pipe contraction arising due to Poisson’s effect.
Figure 3.3 depicts an unrestrained pipe with an initial length (𝐿𝑜 ) experiencing expansion
(∆𝐿1 ) due to an equivalent pressure thrust load (𝑁𝑝 ) applied on the end cap.
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Figure 3.3: Pipe Expansion from Cap Pressure Thrust Load

Hooke’s law (derived by Robert Hooke, a 17th-century British physicist) provides a
constitutive relationship between stress (𝜎) and strains (𝜀) for linear elastic materials that
undergo purely uniaxial loading, as shown in Equation (3.3). The coefficient 𝐸 is referred
to as the modulus of elasticity or Young’s Modulus, after the English scientist, Thomas
Young.
𝜎 = 𝐸𝜀

(3.3)

Stress can be further denoted as the ratio between the applied force and the area of the
undeformed normal cross-section (𝐴𝑠 ) to which the force is being applied to. Strain can be
denoted as the ratio between the relative elongation normalized by the original length. The
equivalent pressure thrust load (𝐹𝑁 ) can be computed as the product of the longitudinal
stress (𝜎𝑙−𝑢𝑛𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.5𝜎𝐻 ) and the cross-sectional area of the pipe chamber inside
the pipe wall (𝐴𝑖 ). Given these relationships, the expansion (∆𝐿1 ) can be elaborated as:
Δ𝐿1 =

𝑁𝐿𝑜 0.5𝜎𝐻 𝐴𝑖 𝐿𝑜 𝜎𝐻 𝐿𝑜
=
≈
𝐴𝑠 𝐸
𝐴𝑠 𝐸
2𝐸

(3.4)

𝑝𝑖 (𝐷𝑜 − 𝑡)
2𝑡

(3.5)

where,
𝜎𝐻 =

Figure 3.4 depicts an unrestrained pipe with an initial length (𝐿𝑜 ) undergoing shortening
due to the Poisson’s effect. Poisson’s effect causes the pipe to decrease in length (∆𝐿2), in
response to an increase in the diameter due to hoop stresses.
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𝜎𝐻
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𝜎𝐻
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(a) Hoop Stresses and Strains

(b) Plane Stress Element at Point Q

Figure 3.4: Pipe Contraction due to Poisson's effect

Poisson’s ratio (𝜈) is defined as the negative of the ratio (signed) transverse strain to
(signed) axial strain, as shown in Equation (3.7). Given this relationship, the contraction
(∆L2) can be proven by the following derivation:
𝜈=−

𝜖𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒
𝜖𝑎𝑥𝑖𝑎𝑙
𝜈𝜎𝐻
𝐸

(3.7)

𝜈𝜎𝐻 𝐿𝑜
𝐸

(3.8)

𝜖2 = −𝜈𝜖𝑎𝑥𝑖𝑎𝑙 = −

∆𝐿2 = 𝜖2 𝐿𝑜 = −

(3.6)

Therefore, the total expansion due to the application of internal pressure can be shown as
follows:
∆𝐿𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = Δ𝐿1 + ∆𝐿2 =

𝜎𝐻 𝐿𝑜 𝜈𝜎𝐻 𝐿𝑜
𝜎𝐻 𝐿𝑜
−
= (0.5 − 𝜐)
2𝐸
𝐸
𝐸

(3.9)

Similarly, pipeline expansion (∆Lthermal) in an unrestrained pipe of length (𝐿𝑜 ) arising due
to a temperature differential (∆𝑇) can be expressed as follows:
∆𝐿𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛼∆𝑇𝐿𝑜

(3.10)

Hence, accounting for both the expansion arising due to internal pressure and temperature
differentials, cumulatively the total expansion in an unrestrained pipe (∆𝐿𝑢𝑛𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 ) can
be elaborated as:
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∆𝐿𝑢𝑛𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = ∆𝐿𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 + ∆𝐿𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = (0.5 − 𝜐)

3.2.4.2

𝜎𝐻 𝐿𝑜
+ 𝛼∆𝑇𝐿𝑜
𝐸

(3.11)

Restrained AG/UG Piping

For a restrained pipe of length (𝐿𝑜 ) with two anchors on both ends, the total deformation
due to either the internal pressure and a change in temperature must be equal to zero.
t
GIVEN
Internal Pressure = pi
Temperature Differential = ∆T

Do

Lo
Figure 3.5: Fully restrained pressurized pipe subjected to a temperature differential

Applying the concept of structural compatibility suggests there exists an equivalent
restoring deformation (∆𝐿𝑟𝑒𝑠𝑡𝑜𝑟𝑖𝑛𝑔 ) to compress the pipe back to its original length, as
shown as follows:
∆𝐿𝑢𝑛𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 − ∆𝐿𝑟𝑒𝑠𝑡𝑜𝑟𝑖𝑛𝑔 = 0

(3.12)

Substituting the unrestrained pipe expansion (∆𝐿𝑢𝑛𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 ) shown in Equation (3.11),
the support load (𝑅) to compress the pipe back to its original length can be proven by the
following derivation:

∆𝑟𝑒𝑠𝑡𝑜𝑟𝑖𝑛𝑔 = ∆𝑢𝑛𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 𝐿𝑜 ((0.5 − 𝜐)

𝑅=

𝜎𝐻
+ 𝛼∆𝑇)
𝐸

∆𝑟𝑒𝑠𝑡𝑜𝑟𝑖𝑛𝑔 𝐸𝐴
= 𝐴((0.5 − 𝜐)𝜎𝐻 + 𝛼𝐸∆𝑇)
𝐿𝑜

(3.13)

(3.14)

Using the definition of stress arising due to an axial force, the resulting longitudinal stress
in a restrained pipe (𝜎𝑙−𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 ) can be computed as follows:
𝜎𝑙−𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 =

𝑅
= (0.5 − 𝜐)𝜎𝐻 + 𝛼𝐸∆𝑇
𝐴
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(3.15)

3.2.5

Preparation of Test Specimens

A total of nine specimens were fabricated, including two trial specimens and one specimen
which yielded results that were later discarded. As previously mentioned, test specimens
from 6.625-inch (169.5 mm) outer diameter, 0.134-inch (3.4 mm) pipe wall thickness
API 5L X42 steel pipe were cut to lengths of 26-inch (660.4 mm). Prior to cutting, the steel
pipes were visually inspected to ensure all pipe specimens were free of any defects such as
corrosion, dents, buckles or excessive ovality. Upon thorough inspection, the pipes were
cut to the intended lengths by firstly using a plasma cutting torch to produce pipe segments
which could be easily managed, followed by clean cuts using an industrial-grade metal
band saw. The cut pipe segments were then carefully marked to easily identify the
centroidal axis of the pipe, as shown in Figure 3.6(a). Both sets of endplates (top and
bottom) were also marked to easily identify their corresponding centroids (see
Figure 3.6(b)). These lines were used to ensure the centroid of the pipe segment coincided
with the centroid of the adjacent endplates, to avoid eccentric loading. Additionally, 1-inch
linear graduations were imprinted longitudinally along the entire pipe segment, which
allowed for a quick approach to approximate longitudinal strains within the wrinkled
region (see Figure 3.6(c)).

(a) Pipe Centroidal Axis

(b) Endplate Centroid

(c) Linear Graduation

Figure 3.6: Pipe & Endplate Markings

Endplates with port-holes were then welded to both ends of the pipe segment, to enclose
the pipe body and allow for internal pressurization. All welding was done by an
experienced welder to avoid premature fatigue failure within the adjoining weld
connection, due to the presence of weld defects (porosity, lack of penetration, slag
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inclusions …etc.). Residual stresses in welding is a very common phenomenon. These
stresses normally arise due to the result of thermal expansion caused by significant heat
applied at the weld joint, followed by subsequent weld joint contraction as the joint cools.
The effect of the presence of residual stresses arising due to the weld connection adjoining
the pipe segment and endplates were not considered in this study.
3.2.6

Test Variables

As previously mentioned, this experimental program involved a combination of two
separate stages, the wrinkle defect initiation, followed by the pressure cyclic fatigue testing.
The purpose of the wrinkle defect initiation stage was to develop wrinkles of varying
geometry. The objective of doing so was to create a broad range of experimental data, to
investigate the effects of various wrinkle profiles, on the fatigue life of wrinkled pipes. In
particular, the following test variables were varied to manipulate the wrinkle defect profile
geometry:
1. Internal Pressure (0.3𝑝𝑦 , 0.8𝑝𝑦 )
2. Wrinkle Amplitude (ℎ/𝐷𝑜 )
3.2.7

Specimen Designation

Each of the test specimens belonging to this experimental program is hereby referred to by
a unique designation as shown in Table 3.2, which can be interpreted to identify specific
attributes for the corresponding test. Specifically, this designation is chosen such that the
first two characters (IP) refer to the internal pressure and that the succeeding numeric value
reveals the internal pressure as a percentage of the yield pressure. Similarly, the fifth and
sixth characters (WA) refer to the wrinkle amplitude and the succeeding numeric value
reveals the nominal wrinkle amplitude as a percentage of the outer diameter. For example,
the specimen designation of Test No. 1, IP80WA12 describes that this specimen was
internally pressurized to 80% of the yield pressure (𝑝𝑦 ) and the target wrinkle amplitude
(ℎ/𝐷𝑜 ) was 12% of the outer diameter.
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Table 3.2: Test Matrix for Experimental Program

Nominal
Internal
Wrinkle
Test Pressure
Specimen
Amplitude to
No.
Designation
(% of 𝑝𝑦 ) Diameter Ratio
(≈ h/Do)
1

12

IP80WA12

8

IP80WA8

3

5

IP80WA5

4

10

IP30WA10

8

IP30WA8

4

IP30WA4

2

5

80
(Group 1)

30
(Group 2)

6

3.2.8

Test Setup

A full-scale test setup was designed and fabricated in the Structural Engineering
Laboratory at the University of Windsor, to carry out both stages of this experimental
program. As previously mentioned, the objective of Stage 1 of this experimental program
was to develop pipe specimens exhibiting axisymmetric wrinkle defects, with varying
profile geometries.
Each specimen was secured onto a strong steel base which was anchored to the strong floor,
in order to prevent the pipe specimen from any translation while loading. The steel support
base was used in order to adequately transfer the applied load to the strong floor while
increasing the specimen height to accommodate actuator stroke limitations. A detailed
schematic and photograph of the test setup for Stage 1 of this experimental program is
shown in Figure 3.7 and Figure 3.8, respectively.
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Figure 3.7: Schematic of Stage 1 Test Setup
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Figure 3.8: Photograph of Stage 1 Test Setup

3.2.9

Instrumentation

The following subsections describe in detail the collection of instruments utilized in
Stage 1 of this experimental program.
3.2.9.1

Load Actuator and Load Cell

A load cell is a measuring instrument (force gauges) used to quantify loads. Load cells
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consist of transducers which produce an electrical signal whose magnitude is directly
proportional to the force being measured. Although several different types of load cells are
available, strain gauge load cells are the most common, due to their high stiffness and cycle
life. The electrical signal output of the transducer is typically connected to a receiver to
compute the force applied to the load cell.
A 3000 kN compression-tension hydraulic loading jack with a travelling stroke of 18-inch
(457.2 mm) was used to axially load the specimens (Figure 3.8). A load cell with an
equivalent 3000 kN compression-tension capacity was used to measure the applied load
onto the specimens (Figure 3.8). A 10-gallon capacity hydraulic pump equipped with a
flow control valve was used to operate and control the displacement rate of the actuator
(see Figure 3.8). The load cell and actuator assembly were affixed to the center of a rigid
3000 kN capacity loading frame (see Figure 3.8), to ensure all resulting deflections and
rotations were symmetrically distributed and hence, avoiding any undesirable eccentric
loading. A custom-made swivel head was placed between the top plate of the pipe specimen
and the load actuator to ensure the applied load was concentric, axisymmetric, and vertical
(along the axis of the pipe specimen).
3.2.9.2

Collars

Eight sets of steel collars, shown in Figure 3.8, were fabricated from pipe segments from
the same pipe as the test specimens. One pair of collars with lengths of 50 mm and three
pairs of collars with lengths of 75 mm were made (Figure 3.9). These collars were secured
along the pipe such that only 4-inch (101.6 mm) of the 2-feet-2-inch (660.4 mm) length of
the test specimens was exposed.
The purpose of the collars was to prevent local buckling near the immediate vicinity of the
two ends. Specifically, due to high stress concentration near the endplates originating due
to the boundary conditions of the pipe specimen, and residual stresses due to the welding
process, there was a high possibility for wrinkles to initiate near the ends. Using collars
effectively increased the wall thickness within the encased region. Doing so facilitated a
controlled buckling process, in which the pipe specimen gave rise to only one wrinkle,
within the exposed region.
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All eight collars were secured prior to the application of any loading. Additionally, all nuts
and bolts were tightened to a maximum of 50 ftlb (37 Nm), in order to ensure each collar
was equally tightened, but also avoiding circumferentially preloading the pipe specimen.

(a) 50 mm Collar

(b) 75 mm Collar

Figure 3.9: Collar Assembly

3.2.9.3

Linear Variable Differential Transformers

Linear variable differential transducers (LVDTs) are measuring instruments (displacement
gauges) used to quantify linear movement. An LVDT consists of an electromechanical
transformer which converts the rectilinear motion of an object to which it is mechanically
connected, into a corresponding electrical signal. LVDTs are available in a broad range of
sizes, depending on the required accuracy and precision.
A series of three separate LVDTs were used for each test, to measure the vertical
displacement of the pipe as it was loaded and unloaded. Specifically, one 50 mm (LVDT 1)
and one 100 mm (LVDT 2) strain-based LVDTs, and one 75 mm (LVDT 3) voltage based
LVDT were used. LVDT 1 and LVDT 2 were fastened to steel rods, which were connected
to magnetic base stands, secured directly onto the steel base support. Both these LVDTs
were placed on opposite ends, directly beneath the top plate of the specimen. LVDT 3 was
secured to the load actuator, which measured the total stroke displaced by the hydraulic
jack.
Given the symmetry and concentricity associated with this test setup, it was seen LVDT 1
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and LVDT 2 both yielded similar results, with slight discrepancies within their expected
range of accuracy. Hence, in order to avoid redundancy, only results obtained from
LVDT 1 were used for the analysis; although the results from LVDT 2 were used to ensure
the validity of the results obtained from LVDT 1. Furthermore, it was concluded that the
results obtained from LVDT 3 may not accurately reflect the true displacement of the pipe
specimen. Specifically, due to mid-span deflections arising in the supporting beam of the
load frame, it was concluded that the results obtained from LVDT 3 be avoided for the
analysis, since the results obtained from LVDT 1 would suffice.
3.2.9.4

Hydrostatic Pressure Pump

A Barbee Testers P-300 Series air-driven piston pump, with a maximum pressurization
capacity of 10000 psi (68 MPa) was used to pressurize the test specimens in Stage 1
(Figure 3.10). Prior to pressurizing, test specimens and all adjoining hydraulic fittings and
hoses were bled, to ensure all trapped air was purged from the hydraulic system. Upon
pressurizing the test specimens, fluctuations during the tests arising due to external loading
were circumvented by manually pressurizing or draining the test pump, in order to maintain
the intended internal fluid pressure.
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Figure 3.10: P-300 Hydrostatic Test Pump

3.2.9.5

Pressure Transducer & Gauge

A pressure transducer is an electronic sensor used for pressure measurement of gases or
liquids. Pressure transducers convert pressure readings into an electrical signal, which is
directly proportional to the pressure being measured. A 3000 psi (20 MPa) pressure
transducer was used to measure and record the internal pressure while testing. In order to
verify the validity of the output from the pressure transducer, a digital pressure gauge was
also used (see Figure 3.11).
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Figure 3.11: Pressure Transducer and Pressure Gauge

3.2.9.6

Electrical Resistance Strain Gauges

A strain gauge is a device used to measure local strains within an object. Typical strain
gauges consist of an insulating flexible pad, which supports a metallic foil pattern. As the
object undergoes deformations, the foil also deforms, producing a variation in electrical
resistance. This variation is directly proportional to the quantity known as the gauge factor,
which relates the change in resistance to the undergone localized strain.
Kyowa brand strain gauges of type KFG-5-120-C1-11 (120Ω electrical resistance, 5 mm
gauge length) were used to measure localized material strains in the longitudinal direction.
Strain gauges were installed before the application of any load or internal pressure, and
ensuring careful attention is given to abide by the manufacturer’s installation instructions.
Localized strains within the wrinkle region can vary rapidly, depending on the profile of
the wrinkle defect and the position of the strain gauge. Additionally, although it was
intended to develop one wrinkle defect at the mid-span of the pipe specimen, the exact
location of the wrinkle initiation was unknown. Hence, multiple strain gauges in close
proximity to each other were installed. Specifically, seven strain gauges were installed
where no collars were secured. Due to limited space within the exposed pipe region and
taking advantage of the symmetry of the test setup, strain gauges were installed in two
separate lines in a staggered manner. Upon installation, strain gauges were secured
preventing accidental damage by concealing them using insulating tape. Figure 3.12 and
Figure 3.13 show the specific details of the installed strain gauges.
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Figure 3.12: Sketch of the layout of strain gauges installed in Stage 1

STRAIN
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Figure 3.13: Photograph of the installed strain gauges on the pipe specimen

3.2.9.7

Contour Gauge

A contour gauge is a tool capable of recording the cross-sectional shape of a surface.
Contour gauges consist of a set of plastic or steel pins which are tightly secured in a frame,
allowing the pins to independently move perpendicularly. When imposed against an object,
the pins move, adapting to the profile of the surface. The gauge can then be used to record
the profile of the object.
A 10-inch (254 mm) contour gauge was used to measure the wrinkle profile during each
test, as shown in Figure 3.14. Specifically, as previously mentioned, test specimens were
incrementally loaded and unloaded while recording the evolution of the wrinkle profile.
Multiple wrinkle profiles were inscribed into a logbook during each test. An exemplar log
entry of the recorded profiles of specimen IP80WA12 has been included in Appendix A. It
is important to acknowledge test specimens were never fully unloaded until the completion
of the test, to ensure the pipe specimen does not shift while loading and unloading. Hence,
intermediate wrinkle profile recordings generally showed results with larger wrinkle
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profiles, in comparison to final profile readings; likely due to elastic spring back.

Figure 3.14: Wrinkle Profile Measurement using Contour Gauge

3.2.9.8

Digital Image Correlation

Digital image correlation (DIC) is a non-contact optical method which tracks the
movement of a stochastic pattern. The three-dimensional digital image correlation
(3D-DIC) technique is used to measure full-field strains and displacements exhibited by
non-planar objects. The following briefly outlines the steps taken to apply this technique
in this experimental program:
1. A high-contrast stochastic pattern was applied to each test specimen’s surface, prior
to the application of any loading, as shown in Figure 3.15.
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(b) Close-up

(a) Multiple test specimens
Figure 3.15: Speckle Pattern on Pipe Specimens

2. A dual stereoscopic camera system was set up to collect simultaneous images from
both cameras, which was synchronized to capture images synchronously with the
data acquisition system, as shown in Figure 3.16(a). Prior to loading the specimen,
the camera rig was calibrated to define a three-dimensional field of view. The
calibration process involved taking concurrent images of a rigid calibration target
plate, in front of both cameras in different orientations, as shown in Figure 3.16(b).
These images were then input into the post-processing software to confirm if the
calibration result was acceptable. Upon confirmation, careful attention was given
to ensure the rig was not disturbed until the specimen had been tested.

(b) System Calibration

(a) Dual Camera Stereoscopic Rig

Figure 3.16: Digital Image Correlation Setup

3. Speckle images were post-processed as shown in Figure 3.17 using VIC-3D [48],
a commercially available analysis software capable of providing 3D measurements
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of shapes, displacements, and strains based on the principles of DIC. Data which
otherwise would have been extremely difficult to extract (such as wrinkle
amplitude, see Figure 3.14) was extracted from each pair of correlated images. To
ensure the validity of this data, measurements obtained using the contour gauge
were compared against data extracted from VIC-3D [48].

Figure 3.17: Wrinkle Amplitude using VIC-3D

3.2.9.9

Data Acquisition System

A data acquisition system (DAQ) is the physical hardware which interfaces between the
incoming signal from the instrument and the computer. A DAQ system is typically
composed of a sensor which converts a physical phenomenon into a measurable electrical
signal; a DAQ device to digitize the incoming analog signal; a computer to control the
operation of the DAQ device, and; an application software to visualize and store the
incoming data.
A NI CompactDAQ 8-Slot DAQ, manufactured by National Instruments was used to
record the test data in Stage 1 of this experimental program. This device has a combination
of eight different strain and voltage modules. A total of 12 data channels were required to
receive the incoming signals from all the previously mentioned electronic instruments. The
measurement speed was set to be one reading per second, which was sufficient for the
quasi-static loading process used in this test. Data collection was facilitated using a
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custom-made virtual instrument (VI), operated by LabVIEW 2018. Image capturing for the
DIC analysis was triggered using a customized code, incorporated directly into the
previously mentioned VI. (see Figure 3.18)

LabVIEW 2018
(custom VI)

SENSORS /
INSTRUMENTS

COMPUTER

NI CompactDAQ

Figure 3.18: Data Acquisition System (used for Stage 1)

3.2.10

Test Procedure

The following subsections describe the test procedure followed during Stage 1 of this
experimental program.
3.2.10.1

Alignment Procedures

One of the main conclusions following the trial testing phase of this experimental program
was ensuring accurate alignment of the test specimen, in order to prevent premature
buckling and/or unsymmetrical wrinkle formation. Hence, in order to confirm proper
alignment, the following steps were adopted for setting up each specimen:
1. The steel base support was aligned vertically under the load actuator, using a plumb
bob and centerlines etched onto the strong floor. Additionally, the steel base support
was levelled using steel shims, to ensure it was perfectly perpendicular to the axis
of loading. Digital levels were used to confirm this alignment.
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2. The test specimen was positioned onto the steel base support such that the
centerlines on the specimen coincided with the centerlines etched on the loading
actuator. A self-levelling laser instrument was used to confirm this positioning.
3. The pipe specimen was firmly secured to the steel base support using C-clamps.
3.2.10.2

Loading Sequence

In order to ensure consistent testing amongst all test specimens, the following test
procedure was adopted to load each specimen in Stage 1 of this experimental program:
1. The pipe specimen was pressurized to the internal pressure (𝑝𝑖 ) conforming to the
selected ratio of the yield pressure (𝑝𝑦 ), as described in Section 3.2.2. Specifically,
Group 1 specimens were each pressurized to 1527 psi (10.5 MPa), whereas Group
2 specimens were each pressurized to 573 psi (3.95 MPa). As previously
mentioned, this corresponds to 80 % and 30 % of the yield pressure respectively,
which is equivalent to 1909 psi (13.2 MPa). Prior to pressurizing, a sufficient gap
between the load actuator and the pipe specimen was given to ensure the pipe
specimen was unrestrained and allowed to fully expand longitudinally.
2. A monotonically increasing axial compression load (𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ) was applied,
equivalent to
𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ≡ 𝐶𝑡 + 𝐶𝑣 + 𝐶𝑒

(3.16)

where the thermal expansion/contraction load (𝐶𝑡 ); the Poisson’s ratio plane strain
constraint load (𝐶𝑣 ); and the thrust load due to the end caps (𝐶𝑒 ) are calculated from
the following expressions
𝐶𝑡 ≡ 𝐴𝑠 𝐸𝛼𝛥𝑇

(3.17)

𝐶𝑣 ≡ −𝐴𝑠 𝑣𝜎𝐻

(3.18)

𝐶𝑒 ≡ 𝜋𝑅𝑖 2 𝑝𝑖

(3.19)

In these expressions, 𝐴𝑠 is the cross-sectional area of the pipe (𝜋(𝑟𝑜 2 − 𝑟𝑖 2 )), 𝛼 is
the coefficient of thermal expansion (11.70 x 10-6/°C) for pipe material, 𝐸 is the
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modulus of elasticity of pipe material which was found from tensile test results
(201275 MPa), 𝜎𝐻 is the hoop stress in the pipe wall arising due to the internal
pressure, 𝑣 is the Poisson’s ratio of steel (0.30), 𝛥𝑇 is the assumed difference
between the tie-in temperature and the operating temperature (taken as 45°C), 𝑟𝑖 is
the inside radius of the pipe, 𝑟𝑜 is the outer radius of the pipe, and 𝑝𝑖 is the applied
internal pressure.
The net load applied on the steel pipe is 𝑃𝑠 , equivalent to
𝑃𝑠 = 𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝑝𝑖 𝐴𝑖

(3.20)

3. Axial loading was applied until the target wrinkle amplitude (as discussed in
Section 3.2.3) was achieved.
3.3

Stage 2 - Cyclic Pressure Fatigue Test

The following subsections discuss the details and considerations corresponding to the
cyclic pressure fatigue testing stage; namely, Stage 2 of this experimental program.
3.3.1

Selection of Boundary Conditions

The test setup for Stage 2 of this experimental program was designed to examine the fatigue
life of unrestrained pipes with wrinkle defects. The boundary conditions of the test setup
in Stage 2 of this experimental program were set up such that the pipes were free to fully
expand and contract, in response to the pressure cyclic loading. It will be shown in the
following subsection that doing so would yield conservative results, in comparison to
evaluating wrinkles in restrained piping.
Although both unrestrained and restrained piping (which can be understood to be polar
opposites of each other) has been previously discussed in Section 3.2.4, there exists a third
type of pipeline system which is a composure of both cases, commonly referred to as
partially restrained piping. Partially restrained pipes are defined as pipes with sufficient
anchorage which marginally prevent pipeline expansion or contraction, due to marginal
pipeline-soil interaction. Replacing the rigid anchor on the right end of the pipe shown in
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Figure 3.5 with a flexible spring of stiffness (𝑘) gives rise to the third type of pipeline
boundary condition. Typically, most buried pipelines within the field will exhibit some
degree of constraint and can be referred to as partially restrained, which will reduce the
amount of deformation.
3.3.1.1

Comparison of Longitudinal Stresses

The arising longitudinal stress in a fully-unrestrained pressurized pipeline system
undergoing thermal expansion (Δ𝑇) can be denoted as follows:
𝜎𝑙−𝑢𝑛𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.5𝜎𝐻

(3.21)

Similarly, the arising longitudinal stress in a fully restrained pressurized pipeline system
subjected to similar loading conditions can be denoted as follows:
𝜎𝑙−𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 =

𝑅
= (0.5 − 𝜐)𝜎𝐻 + 𝛼𝐸∆𝑇
𝐴

(3.15)

Assuming the change between the tie-in temperature and the operating temperature is
negligible (∆𝑇 = 0), and considering the pipeline system is most likely constructed of steel
(𝜈 = 0.3), the longitudinal stress can be simplified as follows:
𝜎𝑙−𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 (∆𝑇 = 0, 𝜈 = 0.3) = 0.2𝜎𝐻

(3.22)

Based on this observation, it can be concluded that the longitudinal stresses arising in
unrestrained pipes are 60% greater than those arising in restrained pipes; provided the pipe
is constructed of steel and there is no significant fluctuation between the tie-in and
operating temperatures. Hence, it was inferred that results obtained from examining the
fatigue life of unrestrained pipes would be conservative in comparison to restrained pipes,
due to the presence of larger longitudinal stresses.
3.3.2

Selection of Cyclic Internal Pressure and Frequency

The cyclic internal pressure subjected to the wrinkled specimens was applied with the
intention of simulating typical pressure fluctuations observed in field oil pipelines. As
previously mentioned in Section 2.4.1, pressure cycling which generally arises due to
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normal pipeline operational procedures is a common phenomenon, especially in oil
pipelines. The magnitude and frequency of pressure fluctuations depend predominantly on
the instigating source (i.e. the type of operation causing the fluctuation).
In this experimental program, the pressure range of the internal pressure was representative
of severe pressure cycling, typically arising due to major pipeline operations such as line
start/stop. Specifically, the internal water pressure was cycled such that the wrinkled
specimen was pressurized to 0.8𝑝𝑦 followed by depressurization to 0.1𝑝𝑦 , which equates
to 1527 psi (10.5 MPa) and 191 psi (1.32 MPa), respectively.
According to Bannantine et al [49], fatigue tests in noncorrosive environments can be
conducted at almost any frequency and similar data will be obtained. Conversely,
corrosion-fatigue data are greatly influenced by the loading frequency. Specifically,
low-frequency tests allow more time for corrosion to take place, which reduces the fatigue
life. In this experimental program, it was presumed all specimens were free of any
significant corrosion defects. Hence, pressure cycling was conducted at a constant
frequency of 0.2 Hz; namely, the cyclic pump test unit’s maximum effective cycling speed.
It is important to acknowledge that all cyclic pressure fatigue tests were conducted within
a laboratory setting, in which the effects of corrosion on the test specimens are
inconsequential. However, oil or gas pipelines within the field are predisposed to harsh
environmental and operating conditions throughout their lifecycle, which can lead to the
deterioration of pipe material or its properties as a result of external, internal, or
atmospheric reaction with its environment. This remark suggests fatigue life data obtained
from this experimental program may over-predict the fatigue life of pipes undergoing
pressure cycling within the field.
Figure 3.19 shows a time-lapse of five complete pressure cycles, representative of those
applied to the specimens in this experimental program.
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Figure 3.19: Typical Cyclic Pressure Test Waveform

3.3.3

Test Setup

A custom-built cyclic pump test unit was manufactured and operated in the Structural
Engineering Laboratory at the University of Windsor. This pump was designed to apply
pressure cycles of various amplitudes (ranging from 0 to 3000 psi) at various frequencies.
A detailed schematic and photograph of the test setup for Stage 2 of this experimental
program is shown in Figure 3.20 and Figure 3.21, respectively.
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Figure 3.20: Schematic of Stage 2 Test Setup
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Figure 3.21: Photograph of Stage 2 Test Setup

3.3.4

Instrumentation

The following lists instruments which were used in Stage 1, which were also used in
Stage 2 of this experimental program:
1. Pressure Transducer (see Section 3.2.9.5)
2. Data Acquisition System (see Section 3.2.9.9)
Additionally, instruments differing from Stage 1 are described in the following subsections.
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3.3.4.1

Electrical Resistance Strain Gauges

Three strain gauges identical to those used in Stage 1 were used to measure localized
material strains in the longitudinal direction, within the wrinkle defect. Similar to Stage 1,
strain gauges were installed before the application of any pressure, and ensuring careful
attention is given to abide by the manufacturer’s installation instructions.
As shown in Figure 3.22, the following specifies the exact location where the strain gauges
were installed:
1. Wrinkle Crest - installed at the apex of the wrinkle, and hereby referred to as S1
2. Wrinkle Toe - installed at the inflection point of the wrinkle, and hereby referred to
as S2
3. Pipe - installed at a distance 6-inch (152.4 mm) away from the wrinkle crest, and
hereby referred to as S3

6-inch
(152.4 mm)

Figure 3.22: Sketch of the layout of strain gauges installed in Stage 2

3.3.4.2

Cycle Counter

A cycle counter built directly into the cycle pressure test unit was used to count and store
the number of pressure cycles applied to the specimen. A secondary cycle counter as shown
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in Figure 3.23 was coded in a custom VI to confirm the validity of this data.
SENSORS /
INSTRUMENTS

LabVIEW 2018
(custom VI)

NI CompactDAQ

COMPUTER

Figure 3.23: Data Acquisition System (used for Stage 2)

3.3.5

Test Procedure

Similar to Stage 1, in order to ensure consistent testing amongst all test specimens, the
following test procedure was adopted to test each specimen in Stage 2 of this experimental
program:
1. All collars fastened to the test specimen from Stage 1 of the experimental program
were removed, to prevent inadvertent stress concentrations.
2. A cyclic internal pressure (as described in Section 3.3.2) was applied until a leak or
rupture was observed.
3.4

Ancillary Tests

In addition to the full-scale pipe tests, additional tests were also done to establish the
material properties corresponding to the pipe specimens. The following subsection
discusses the methodology used in this process.
3.4.1

Determination of Material Properties

Tensile coupons were prepared by cutting the pipe wall of the material used for the
full-scale test specimens in this experimental program. Quasi-static material properties
were obtained from mechanical testing, which were then used as input parameters in the
numerical model.

64

Four tension coupons with a gauge length of 50 mm and a width of 12.5 mm were obtained
from a pipe segment in the longitudinal direction, as shown in Figure 3.24. Careful
attention was given to ensure the specimens were fabricated without the use of any hot
working practises. Furthermore, all specimens were produced from segments of the pipe
located at least 90° from the seam weld, in order to avoid any residual stress effects on the
material behaviours. All tension test coupons were prepared and tested in accordance with
the ASTM E8/E8M standard [50].

Figure 3.24: Photograph of Longitudinal Tensile Test Coupon

All tension tests were conducted using the MTS Universal Testing Machine at the
University of Windsor, as shown in Figure 3.25. Specimens were loaded at a loading rate
of 0.05 mm/sec until the specimens ruptured. The test results and material properties
obtained from the tension coupon test are discussed in Chapter 4.
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SPECIMEN
EXTENSOMETER

Figure 3.25: MTS Universal Testing Machine, Specimen, Extensometer
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4.

EXPERIMENTAL RESULTS AND DISCUSSION

4.1

General

The objective of this chapter is to present the results obtained from the experimental
program, described in detail in Chapter 3. Similar to Chapter 3, this chapter will be divided
into three main subsections; namely, the results obtained from Stage 1, the results obtained
from Stage 2 and the results obtained from the material tests.
4.2

Stage 1 - Wrinkle Defect Initiation

The results obtained from Stage 1 are presented graphically in the form of the applied load
onto each test specimen, vs. the consequential global and local deformational response of
the pipe. The global deformational response (∆) is defined as the vertical displacement of
the top plate while axially loading the specimen, and is based on the readings obtained
from LVDT 1 (see Section 3.2.9.3). Critical points in terms of the load-deflection
behaviour have been denoted using unique identifiers, such as the yield, ultimate and
maximum displacement points denoted by the characters “Y”, “U” and “M”, respectively.
The applied load and global displacement at point “Y” are hereby referred to as the yield
load (𝑃𝑦 ) and (∆𝑦 ), respectively. Similarly, the applied load and global displacement at
point “U” is hereby referred to as the ultimate load (𝑃𝑢 ) and (∆𝑢 ), respectively. It shall be
noted a consistent sign convention describing all global deformations is used, such that all
positive displacements indicate compressive loading. The local deformational response
(wrinkle amplitude, ℎ) is defined as the relative displacement of the speckle pattern,
perpendicular to the longitudinal axis of the pipe (see Section 3.2.9.8). It was observed that
although the 3D-DIC technique is an effective approach for measuring the progression of
the amplitude of wrinkle defects, this method is unreliable for wrinkle defects with
relatively large amplitudes. To be more specific, due to excessive distortion within the
wrinkled region, de-bonding of the speckle pattern arose. It is believed this may have
resulted in the DIC technique producing results greater than those measured in reality,
which were measured using the contour gauge.
4.2.1

Discussion on Behaviour of Group 1 Specimens

Test specimens corresponding to Group 1 (see Table 3.2) are described as the pipes which
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were pressurized to 0.8𝑝𝑦 , prior to applying the axial compressive load. As indicated in
Table 3.2, Group 1 consists of the following specimens: IP80WA12, IP80WA8, and
IP80WA5. The characteristic distinguishing each of the specimens within this group is the
wrinkle amplitude (ℎ), expressed hereby as a certain ratio of the outer diameter of the test
specimen 𝐷𝑜 , equal to 169.5 mm as indicated in Section 3.2.3. Specifically, specimen
IP80WA12 possessed the largest wrinkle examined in this study, with an amplitude of
0.121𝐷𝑜 (20.5 mm). Whereas, specimen IP80WA8 possessed a comparatively moderate
wrinkle, with an amplitude of 0.083𝐷𝑜 (14 mm). Lastly, specimen IP80WA5 possessed a
comparably small wrinkle, with an amplitude of 0.046𝐷𝑜 (7.8 mm). Figure 4.1 shows a
group photograph of all the deformed specimens belonging to Group 1.

IP80WA12

IP80WA8

IP80WA5

Figure 4.1: Deformed shape of Group 1 (0.8𝑝𝑦 ) specimens

4.2.1.1

Load vs. Global Deformation Behaviour

The load vs. global displacement plots corresponding to each specimen belonging to
Group 1 are superimposed and presented in Figure 4.2. As this figure illustrates, specimens
IP80WA12, IP80WA8, and IP80WA5 globally all underwent similar load-deflection
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behaviours, as expected. This result agrees with the expectation that each of these
specimens should undergo nearly identical pre- and post-buckling responses, since all three
specimens were identical in terms of the material and geometric properties, and were
pressurized to similar pressures while applying the axial compression load. Furthermore,
this figure also reveals the total axial displacement (∆𝑚 ) each specimen underwent to
achieve the target wrinkle amplitude. A summary of the critical loads and displacements is
provided in Table 4.1.
Lastly, careful examination of the load-deformational behaviour of specimens IP80WA12
and IP80WA8 reveals small but abrupt reductions in the load at 15.0 mm and 10.0 mm,
respectively. These reductions originated due to the removal of the collars described in
Section 3.2.9.2, in order to accurately measure the wrinkle profile. The load-deformational
behaviour of specimen IP80WA5 did not exhibit these abrupt reductions. This result arose
purely coincidently, since the instance at which the collars were removed coincided with
the maximum required displacement to achieve the target wrinkle amplitude.
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Figure 4.2: Load vs. global displacement for Group 1 specimens
Table 4.1: Critical loads and displacements for Group 1 specimens

Specimen

At Yield Load
(Point Y)

At Ultimate Load
(Point U)

∆𝑦 (mm) 𝑃𝑦 (kN) ∆𝑢 (mm) 𝑃𝑢 (kN)

4.2.1.2

At Maximum Stroke
(Point M)

∆𝑚 (mm)

𝑃𝑚 (kN)

IP80WA12

0.9

423

4.8

484

25.2

404

IP80WA8

0.7

400

4.0

487

12.7

417

IP80WA5

0.9

410

4.1

485

8.8

446

Load vs. Local Deformation Behaviour

The load vs. local displacement plots corresponding to each specimen belonging to
Group 1 are superimposed and presented in Figure 4.3. As discussed earlier, these plots are
prepared using the 3D-DIC data. The localized behaviour of specimen IP80WA12 is not
included, as the DIC result failed to produce an accurate result due to excessive distortion
of the speckle pattern. Similar to the global behaviour, specimens IP80WA8, and IP80WA5
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both underwent similar local load-deflection behaviours in terms of the pre- and
post-buckling responses. Figure 4.3 also includes measurements obtained using the contour
gauge. The identifiers ContourGauge2 and ContourGauge3 are used to denote the
measurements corresponding to specimen IP80WA8 and specimen IP80WA5,
respectively. According to Figure 4.3, it can be seen that the wrinkle amplitude measured
using the 3D-DIC data correlates well with the measurements obtained using the contour
gauge.
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Figure 4.3: Local vs. local displacement for Group 1 specimens

4.2.2

Discussion on Behaviour of Group 2 Specimens

Test specimens corresponding to Group 2 (see Table 3.2) are described as the pipes which
were pressurized to 0.3𝑝𝑦 , prior to applying the axial compressive load. Group 2 consists
of the following specimens: IP30WA10, IP30WA8, and IP30WA4 (see Table 3.2). Similar
to Group 1, the distinguishing characteristic amongst each of these specimens is the wrinkle
amplitude (ℎ), expressed as a ratio of the outer diameter (𝐷𝑜 = 169.5 mm). Specifically,
specimen IP30WA10 possessed the largest wrinkle amongst this group, with an amplitude
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of 0.097𝐷𝑜 (16.5 mm). Whereas, specimen IP30WA8 possessed a relatively moderate
wrinkle with an amplitude of 0.077𝐷𝑜 (13 mm). Lastly, specimen IP30WA4 possessed the
smallest wrinkle, with an amplitude of 0.041𝐷𝑜 (7 mm).

IP30WA10

IP30WA8

IP30WA4

Figure 4.4: Deformed shape of Group 2 (0.3𝑝𝑦 ) specimens

4.2.2.1

Load vs. Global Deformation Behaviour

The corresponding load vs. global displacement plots of each specimen belonging to
Group 2 are superimposed and presented in Figure 4.5. Similar to the behaviour observed
in Group 1, specimens IP30WA10, IP30WA8, and IP30WA4 all underwent nearly
identical load-deflection behaviours. A summary of the critical loads and displacements is
provided in Table 4.2.
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Figure 4.5: Load vs. global displacement for Group 2 specimens

Table 4.2: Critical loads and displacements for Group 2 specimens

Specimen

At Yield Load
(Point Y)

At Ultimate Load
(Point U)

∆𝑦 (mm) 𝑃𝑦 (kN) ∆𝑢 (mm) 𝑃𝑢 (kN)

4.2.2.2

At Maximum Stroke
(Point M)

∆𝑚 (mm)

𝑃𝑚 (kN)

IP30WA10

1.5

523

2.7

541

20.6

260

IP30WA8

1.7

528

2.5

540

13.5

286

IP30WA4

1.6

526

2.7

543

7.5

379

Load vs. Local Deformation Behaviour

The corresponding load vs. local displacement plots of each specimen belonging to
Group 2 are superimposed and presented in Figure 4.6. These plots were developed using
the 3D-DIC test data. As was the case for specimen IP80WA12, the localized behaviour of
specimen IP30WA10 was excluded due to excessive distortion of the speckle pattern. As
expected, the pre- and post-buckling response related to specimens IP30WA8 and
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IP80WA5 both underwent similar local load-deflection behaviours. The identifiers
ContourGauge5 and ContourGauge6 are used to denote the contour gauge measurements
corresponding to specimen IP30WA8 and specimen IP30WA4, respectively. Similar to
Figure 4.3, Figure 4.6 also indicates that the DIC technique is able to effectively measure
the localized deformation (wrinkle amplitude).
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Figure 4.6: Local vs. local displacement for Group 2 specimens

4.3

Stage 2 - Cyclic Pressure Fatigue Test

The results obtained from Stage 2 pertaining to the cyclic pressure fatigue tests are reported
in this section. To be more specific, this section first reports the number of cycles applied
to each specimen to cause failure, where failure in this study refers to the occurrence of a
leak or rupture in the pipe wall. Furthermore, the results obtained from the strain gauges
describing the evolution of longitudinal strains (strain hysteresis) during the pressure
cycling stage are also discussed. Lastly, a brief discussion of relevant visual observations
which were consistent amongst all the pressure cyclic fatigue tests is also provided.
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4.3.1

Cycle Count

As mentioned in Sections 3.3.2 and 3.3.5, each specimen was subjected to a cyclic pressure
between 0.8𝑝𝑦 and 0.1𝑝𝑦 , until a leak or rupture occurred. The number of cycles applied
to each tested specimens are reported in Table 4.3.
Table 4.3: Fatigue Test Results

Number of
Cycles

Location of Failure

IP80WA12

6754

Longitudinal Seam Weld Metal

IP80WA8

19898

Base Metal

IP80WA5

107697

Endplate Weld Metal

IP30WA10

3268

Longitudinal Seam Weld Metal

IP30WA8

6455

Base Metal

IP30WA4

40315

Base Metal

Specimen

Group
1

Group
2

Figure 4.7 shows a plot of the wrinkle amplitude ratio versus the cycle count, of all the
specimens tested in this experimental program. It was found that there exists a strong
inverse correlation between the wrinkle amplitude and the corresponding cycle life.
Specifically, using a logarithmic curve fitting technique, it is observed that the resulting
coefficient of determination for both Group 1 and Group 2 are equivalent to 0.9572 and
0.9953, respectively. Commonly referred to as R2, the coefficient of determination is a
statistical measure of how close the data is to the fitted regression line. Although R2 can
take any value between 0 to 1, generally it is regarded that a high R2 indicates a good fit
between the observed data and the regression model. Hence, based on the R2 values
obtained from this analysis suggests a high dependency of the wrinkle amplitude ratio on
the pressure cycle induced fatigue life of wrinkled pipes. Furthermore, this plot also
confirms the belief that the presence of internal pressure during the onset of a wrinkle
defect is favourable in terms of the fatigue life. Specifically, it is observed that a wrinkle
defect with an equivalent wrinkle amplitude ratio developed during higher internal pressure
operating conditions (0.8𝑝𝑦 ), increases the overall fatigue life of the specimen. For
example, based on the results obtained from the regression model, a wrinkle defect with a
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wrinkle amplitude ratio of 6% which develops under relatively low internal pressure of
0.3𝑝𝑦 would likely fracture after 16758 cycles. Whereas, a wrinkle defect with an
equivalent wrinkle amplitude ratio of 6% which develops at a relatively higher internal
pressure of 0.8𝑝𝑦 would likely fracture at a much higher cycle count of about 62813.
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Figure 4.7: Relationship between Wrinkle Amplitude Ratio and Cycle Count

4.3.2

Strain Evolution

Three electric resistance strain gauges were installed longitudinally along critical points on
the outer surface of the wrinkled pipes (wrinkle crest, wrinkle toe, and at a location 6-inch
(152.4 mm) away from the toe of the wrinkle; referred to as S1, S2, and S3 respectively),
to examine the evolution of the longitudinal strains while pressure cycling the wrinkled
pipe specimens. It is important to acknowledge a consistent sign convention describing all
strains is used in the following discussion, such that all positive strains indicate tensile
elongations. Figure 4.8 shows the strain gauge results belonging to specimen IP80WA8, at
all three locations. In order to confirm the validity of the strain gauge results, the results
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obtained from S3 were compared to the theoretical longitudinal strain of a pressurized pipe
(labelled as theoretical), which was obtained using the expression shown in Equation (4.1).
𝜀𝑙 =

𝑝𝑖 𝐷𝑜
(1 − 2𝜐)
4𝐸𝑡

(4.1)

where,
𝑝𝑖

= Internal water pressure (taken from DAQ data)

𝐷𝑜

= Outer diameter of pipe = 169.5 mm

𝐸

= Young’s Modulus ≈ 201275 MPa

𝑡

= Thickness of pipe wall = 3.4 mm

𝜐

= Poisson’s Ratio = 0.3

According to Figure 4.8, the results for the nominal longitudinal strains obtained
experimentally and analytically (using mechanics) are evidently in well agreement of each
other, and hence, confirming the validity of the obtained strain readings during the pressure
cyclic tests.
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Figure 4.8: Alternating longitudinal strain gauge results for Specimen IP80WA8

Figure 4.8 also reveals intriguing information about the localized behaviour at the wrinkle
crest. Specifically, the results obtained from the strain gauge installed on the outer surface
of the wrinkle crest reveal that an increase in internal pressure causes an increase in
compressive strains, on the exterior face of the wrinkle. This phenomenon contradicts with
the expected behaviour of observing tensile longitudinal strains arising due to the
application of internal pressure, which can also be seen from the positive tensile strain
results obtained from strain gauge S3. Moreover, external compressive stresses acting on
the pipe wall give rise to tensile longitudinal strains on the outside surface of the wrinkle
crest, during the wrinkle initiation stage. Contrarily, the results from the pressure cyclic
test reveals that this crest surface experiences a compressive strain hysteresis as pressure
cyclic load is applied.
The avoidance of progressive deformations that may result from plastic strains arising due
to subsequent load cycles is a critical design consideration, particularly in relation to oil
and gas pipelines. Although successively, each cycle may introduce relatively small plastic
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strains, these repetitive deformations can accelerate the fatigue process as a consequence
of excessive deformity. According to the concept of structural shakedown, three different
structural behaviours can possibly arise, in response to the application of cyclic loading.
Ratcheting (case A) is defined as the behaviour in which the residual strain in the material
increases without any limit. In particular, subsequent application of load cycles produce
open elastic-plastic stress-strain loops. Plastic shakedown (case B) is defined as the
behaviour in which the residual strain in the material grows to some extent, but at some
stage, the growth is stopped. Subsequently, subjecting the material to continued cyclic
loading produces closed stress-strain hysteresis loops. Elastic shakedown (case C) is
defined as the behaviour in which the growth of residual strain diminishes when sufficient
loading cycles are applied. This is normally due to a result of increased residual stresses or
cyclic strain hardening, which leads to a perfectly elastic steady state. Figure 4.9 illustrates
each of these three cases of structural shakedown.

Figure 4.9: Typical hysteresis loops of structural shakedown in response to cyclic loading [51]

Examining the hysteresis loops produced in response to the pressure cyclic tests confirms
the presence of an elastic shakedown behaviour. Specifically, according to Figure 4.10, it
can be observed that the majority of the plastic strains arising in response to the cyclic
loading occurs within the initial cycles. However, these progressive plastic strains
gradually reduce with the application of subsequent load cycles. Eventually, it can be found
that a steady state condition arises (highlighted in red), in which the wrinkle crest
undergoes a perfectly elastic response to successive cyclic pressure loading. A similar
behaviour was observed by Alexander and Kulkarni [34] in their study of the wrinkles
initiated during the cold bending process, that were subjected to pressure cyclic loading.
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Figure 4.10: Strain evolution of Specimen IP30WA4

4.3.3

Failure Patterns and Other Visual Observations

In addition to the data collected from the DAQ, several visual consistencies amongst all
the test specimens were observed. These consistencies were understood to be meaningful
as they allowed for several assumptions regarding the structural behaviour of the wrinkled
pipe specimens during the pressure cyclic tests, and hence simplifying the fatigue life
analysis discussed in Chapter 7.
Aside from specimen IP80WA5 (which resulted in a fracture within the weld adjoining the
pipe specimen and the top endplate, see Figure 4.11(a)), all five other test specimens
belonging to this test matrix and the two trial specimens fractured circumferentially, at the
wrinkle crest. Figure 4.11(b) shows a photograph of the circumferential fracture in
specimen IP30WA10. This failure mode depicted in this figure is the typical fracture mode
in this study, with the exception of specimen IP80WA5. Photographs of all the other
wrinkled specimens tested in this experimental program have been included in
Appendix B, which also resulted in circumferentially oriented fatigue cracks. Furthermore,
it was also found that no physical damage on the exterior face of the wrinkle (extrados)
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was observed during the cyclic pressure tests.

ENDPLATE WELD
METAL FATIGUE
CRACK

(a) Specimen IP80WA5

WRINKLE CREST

CIRCUMFERENTIALLY
ORIENTED FATIGUE
CRACK

(b) Specimen IP30WA10
Figure 4.11: Crack Configuration of Specimen IP80WA5 and IP30WA10

Both of these observations are important as they suggest the presence of localized
longitudinal stress concentration. Furthermore, due to the absence of any physical
indications of damage on the exterior face of the pipe wall during the tests, it can be inferred
that the initiation of fatigue cracks likely occurred from the inside surface of the wrinkle
defects (intrados) and propagated outwards till failure. To be more specific, fatigue failure
can be characterized by the progression of three stages: Stage 1 - Crack Initiation,
Stage 2 - Crack Propagation, and Stage 3 - Final Rupture (see Figure 4.12). Stage 1 is the
process of initiation of one or more micro-cracks due to cyclic plastic deformations,
generally not extending beyond two to five grains around the initiation site. Typically,
crack initiation occurs at a discontinuity or a stress concentration site in which the cyclic
stresses are maximum; in this case the intrados of the wrinkle crest. Stage 2 is the process
in which the micro-cracks propagate perpendicularly to the axis of maximum tensile
stresses. Hence, in this case, it is believed that the maximum tensile stresses occur along
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the longitudinal axis of the pipe, specifically at the crest of the wrinkle. As the fatigue crack
propagates through the material, the cross-sectional area of the pipe wall gradually reduces.
This reduction in cross-sectional area causes a reduction in strength, eventually weakening
the pipe wall to the extent that the remaining material can no longer support the applied
loading, which leads to Stage 3. Stage 3 is described as the sudden fracture, which occurs
during the application of the final stress cycle.

SECTION B-B

SECTION A-A

A

A

B

STAGE 1 CRACK INITIATION

SECTION D-D

SECTION C-C

B

C

C

STAGE 2 CRACK PROPAGATION

D

D

STAGE 3 FINAL RUPTURE

Figure 4.12: Stages of Fatigue Failure in Wrinkle Crest

4.4

Ancillary Tests

As previously mentioned in Section 3.4.1, four tensile coupon tests were conducted to
establish the mechanical properties of the pipe material used for the test specimens. The
results of the coupon tests were then analyzed to produce “engineering or nominal
stress-strain” curves. Engineering (nominal) stress-strain curves are based on the
assumption that the cross-sectional area of the material does not change during the entire
deformation process of the test. Tension test results are typically expressed in the form of
engineering stress-strain curves as they provide a straightforward approach to establishing
the mechanical properties; including but not limited to the Young’s Modulus, yield
strength, ultimate tensile strength maximum elongation and reduction in cross-sectional
area. Figure 4.13 shows the engineering stress-strain curves resulting from all four of the
tensile coupon test specimens. Figure 4.14 provides a close-up of the linear elastic and
post-yielding behaviour. It can be found that the results from the coupon tests are in well
agreement of each other and hence, test specimen 3 was selected for the basis of the
subsequent analysis.
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Figure 4.13: Engineering stress-strain behaviour of API 5L X42 pipe material
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Figure 4.14: Linear elastic and post-yielding behaviour of API 5L X42 pipe material
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0.05

The yield strength (𝜎𝑦 ) is defined as the stress at which a material begins to deform
plastically. It is general practise in the pipeline industry to establish the yield strength of
the pipe using the Extension-Under-Load (EUL) method [9], [52]. Yield strength
established using the EUL method is done by analyzing the stress-strain diagram to
determine the stress value at a specific value of extension. For steels with nominal yield
strengths of less than 550 MPa, the yield strength is generally established at a total strain
of 0.005 mm/mm (0.5%) [50]. According to Figure 4.13 and Figure 4.14, it was observed
that the tested material exhibited indications of discontinuous yielding, in which the results
depicted a well-defined yield plateau. Based on this observation, the yield stress was
established by inspecting the corresponding stress value at 0.5% strain, but also ensuring
this value was within the domain of the yield plateau. The Young’s Modulus (𝐸) is
described as a measure of the elastic stiffness of a solid material. This mechanical property
is determined by calculating the slope of the initial linear portion of an engineering
stress-strain curve. The ultimate tensile strength (𝜎𝑢𝑡𝑠 ) is the measure of the maximum
stress that a material can withstand. This property is determined by normalizing the
maximum force applied to the specimen by the original cross-sectional area of the
specimen. The fracture strength (𝜎𝑓 ) is characterized as the stress at which the specimen
fails due to rupturing of the material. This property is normally taken as the stress
corresponding to the terminal point on the engineering stress-strain curve. A summary of
material properties established from the tension coupon tests is provided in Table 4.4.
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Table 4.4: Material properties obtained from quasi-static tension coupon tests

4.5

Property

Value

Modulus of Elasticity (𝐸)

201275 MPa

Yield Strength (EUL = 0.5%, 𝜎𝑦 )

315 MPa

Ultimate Tensile Stress (𝜎𝑢𝑡𝑠 )

381 MPa

Strain at Ultimate Tensile Stress (𝜀𝑢𝑡𝑠 )

16.4 %

Fracture Stress (𝜎𝑓 )

252 MPa

Fracture Strain (𝜀𝑓 )

31.8 %

Summary

To summarize, the following observations and conclusions can be made from this
experimental program:
1. There exists a strong inverse logarithmic correlation between the wrinkle amplitude
and the cycle count. This suggests that an increase in wrinkle amplitude leads to a
reduction in fatigue life.
2. Wrinkle defects with equivalent wrinkle amplitudes that develop while subjected
to high internal pressure (Group 1 specimens) undergo a higher number of cycles,
in comparison to wrinkle defects subjected to low internal pressure (Group 2
specimens). This suggests that pipelines with wrinkle defects that are operating at
low pressure or are temporarily shut down are more vulnerable to fatigue failure,
as the presence of internal pressure is favourable in terms of fatigue life.
3. Pressure cycling within a pipe with a wrinkle defect causes an increase in
compressive strains at the exterior face of the wrinkle crest, up to a certain extent.
After which, this increase in compressive strains eventually diminishes, due to an
elastic shakedown material response.
4. Localized longitudinal stress concentrations lead to circumferentially oriented
cracks observed along the wrinkle crest.
5. No indications of physical damage to the exterior face of the wrinkle defects were
observed while pressure cycling the test specimens. This observation gives rise to
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the inference that failure occurs as a result of fatigue damage initiating from the
inside face of the wrinkle.
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5.

DEVELOPMENT OF FINITE ELEMENT MODEL

5.1

General

It is widely recognized by researchers and subject-matter experts within the field of civil
engineering that experimental testing is undeniably an effective method for examining the
behaviour of complex engineering structures, such as buried oil and gas pipelines. As
discussed in Chapter 3, a comprehensive experimental program was undertaken in which
six full-scale test specimens were successfully tested, which were the basis of several
significant observations and conclusions discussed in detail in Chapter 4. In particular,
several different parameters such as the magnitude of the wrinkle amplitude and the
internal pressure were varied, to examine the fatigue life of wrinkled pipes with varying
geometries. However, it is not feasible in terms of time and resources to examine every
conceivable load case which a pipe segment may be subjected to, by means of experimental
methods. Rather, the development of a numerical model can provide an effective approach
for investigating a broad range of different load cases, resulting in an assortment of various
wrinkle defects to examine.
The purpose of this chapter is to discuss the details and considerations taken to employ a
nonlinear, finite element analysis (FEA), numerical modelling technique used to simulate
the structural behaviour of the test specimens, belonging to the experimental program.
5.2

Concept of Finite Element Method

The finite element method (FEM) is a numerical approach for establishing solutions related
to engineering and mathematical physics; such as heat transfer, fluid flow, and structural
analysis. To be more specific, the FEM is a method most commonly used for solving
problems involving complicated geometries, loadings, and material properties, which
generally limit the possibility of obtaining analytical mathematical solutions. In particular,
analytical mathematical solutions typically involve the solution of complex differential
equations, which, as a result of the complicated geometries, loadings, and material
properties, are not easily attainable. Alternatively, numerical methods (such as the FEM)
are employed, which involve finding numerical approximations for establishing an
appropriate converged solution.
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Originally established as a technique to develop numerical solutions for complex problems
in structural mechanics, FEM continues to remain as a method of choice which is based on
a process consisting of the following seven fundamental steps, which are introduced briefly
as follows:
1. Step 1 involves the process of modelling a body by partitioning it into a collection
of smaller bodies or units, also commonly referred to as finite elements. These finite
elements are interconnected at points (commonly referred to as nodes) shared by
two or more elements and/or boundary lines and/or surfaces. The process of
partitioning the body into smaller elements is referred to as discretization.
2. Step 2 involves the identification of the primary unknown quantities. The force or
flexibility method and the displacement or stiffness method are the two direct
approaches traditionally related to FEM when applied to a structural mechanics
problem. The force method is based on transforming the structure into a statically
determinate system and calculating the magnitude of statically redundant forces
required to restore the geometric boundary conditions of the original structure. This
method uses the internal force(s) as the unknown(s) of the problem. The
displacement method is based on first developing force-displacement relations for
each finite element, and then satisfying the equilibrium requirements for the entire
structure. This method uses the nodal displacement(s) (degrees of freedom) as the
unknown(s) of the problem. Although both methods are effective approaches, the
displacement (or stiffness) method is generally more desirable due to its
formulation being relatively simpler for most structural analysis problems, in
comparison to the force method. Hence, a majority of commercially available
general-purpose finite element programs have incorporated the displacement
method formulation in their software packages. In addition to the primary nodal
displacements, this step may involve the identification of related unknown
quantities (secondary unknowns), such as the stresses or strains within the elements.
3. Step 3 involves the selection of the appropriate interpolation functions and
stress/strain relationships. This step is regarded as a highly important step as it
establishes how the stresses and strains within the elements will vary. Interpolation
functions (also commonly referred to as shape functions) are used to interpolate the
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strains and displacements across the discretized elements, with their corresponding
nodal displacements. This process is referred to as finite element coordinate
mapping. Generally, polynomials are selected as the interpolation functions, such
that the degree of the polynomial depends on the number of nodes assigned to each
element. For example, a linear polynomial function would be an appropriate shape
function to be used for a one-dimensional element with two adjacent nodes
(first-order element). By doing so, this selection gives rise to the assumption that
the arising strains within the element are constant. In certain cases, the use of the
same shape functions may be used to define the element’s and geometric shape,
commonly referred to as “isoparametric” mapping. Generally, it is regarded that
using elements based on this formulation is more versatile with respect to
modelling. In particular, this formulation allows for improved modelling of
elements with curved boundaries, structures with irregular (complex) geometries,
or transitioning from a coarse mesh to a fine mesh while accounting for the
distortion within the element. In addition to the interpolation function, an
appropriate stress/strain relationship must be defined. Generally, for materials
undergoing an elastic response, Hooke’s law (see Section 3.2.4.1) is employed as
it presents a straightforward relationship between the stresses and arising strains.
For materials undergoing an elastic-plastic response, additional formulations are
required to appropriately define the material behaviour, such as the flow rule.
4. Step 4 involves the derivation of the element stiffness equations and the member
stiffness matrices [𝑘𝑒 ], for each element of the discretized structure. The purpose
of this step is to relate the primary unknown quantities (i.e. nodal displacements,
{𝑢𝑒 }) in the analysis with the internal forces {𝑓𝑒 } in each member, based on the
selected interpolation functions and stress/strain relationships established in the
previous step. Generally, there are two methods for deriving the element equations,
the Rayleigh-Ritz method and the Galerkin method. Regardless of the choice of
method, the element equation will take the general form as shown in Equation (5.1).
Based on the selected interpolation function in Step 3, the stiffness of the element
is established by integration in the coordinate system of the element with the regular
shape. Rather than computing this integration explicitly which can be difficult,
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numerical integration techniques (such as Gaussian Quadrature, Newton-Cotes, or
Simpson’s rule) are used, which can be programmed using computer software. The
points at which the integrals are evaluated are referred to as integration points and
are chosen in such a way that the results for the numerical integration scheme are
the most accurate.
{𝑓𝑒 } = [𝑘𝑒 ]{𝑢𝑒 }

(5.1)

5. Step 5 involves the process of assembling the individual element equations derived
in Step 4 and to establish a system of global equations for the entire structure. In
other words, the components of each of the member stiffness matrices are
transformed from local to global coordinates, and then combined to create the
structure stiffness matrix [𝐾]. Additionally, known nodal displacements (boundary
conditions) and external forces (which are not accounted in the element stiffness
equations, {𝐹}) are introduced. Mathematically, the overall stiffness equation takes
the form as shown in Equation (5.2).
{𝐹} = [𝐾]{𝑢}

(5.2)

where,
[𝐾]

= Structure stiffness matrix = ∑𝑚
1 [𝑘𝑒 ]

𝑚

= Total number of elements in the discretized structure

{𝐹}

= Assemblage of resultant vector of nodal forces

{𝑢}

= Nodal displacements expressed in terms of the global
coordinate system

6. Step 6 involves the process of solving for the primary and secondary unknown
quantities, in this case, the nodal displacements {𝑢} and the arising stresses and
strains within each element. A direct approach for this solution can be accomplished
by inverting the structure stiffness matrix [𝐾] and multiplying it to the resultant
vector of nodal forces {𝐹}, as shown in Equation (5.3).
{𝑢} = [𝐾]−1 {𝐹}
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(5.3)

Alternatively, several different iterative methods such as Gaussian elimination
method, Jacobi method, Newton-Raphson method, or the Cholesky factorization
method can also be an effective approach for solving the system of equations;
particularly when dealing with a structure consisting of a large number of finite
elements. In contrast to the direct approach, the iterative methods are based on the
concept which initiates by assuming an approximate solution for the unknown
nodal displacements. The solution is then iterated upon, eventually reaching a
converged solution.
7. Step 7 involves post-processing in which the established results are displayed or
interpreted as intended.
5.3

Finite Element Modelling

In this research, a nonlinear (geometric and material nonlinearities) FEA modelling
technique was conducted to simulate the structural behaviour of the test specimens
discussed in Chapter 4. This analysis was conducted using a commercially available
general-purpose FEA package, ABAQUS/Standard Version 6.14-2 [10] (licensed by
Dassault Systèmes Simulia Corp., 2014), hereby referred to as “ABAQUS”.
Several different reasons established the rationale for selecting this software package for
this analysis. Firstly, ABAQUS offers the ability to account for geometric nonlinearity.
The formation of a wrinkle defect can be characterized as the behaviour in which external
loads onto a pipeline cause localized buckling of the pipe wall, resulting in large
deformations within the wrinkled pipe segment. In order to effectively model the wrinkling
behaviour, the effects of these large deformations can not be ignored, and hence the
necessity of nonlinear geometric consideration. Secondly, ABAQUS also offers the ability
to account for material nonlinearity. The process of wrinkle formation can induce large
plastic deformations, depending on the magnitude of the wrinkle defect. The pipe segments
tested in this study were all loaded under various load cases well beyond their post-elastic
material response to develop the wrinkle defects. Hence, the effects of an elastic-plastic
material response could not be ignored and consequently, giving rise to the necessity of
nonlinear material consideration. Lastly, ABAQUS allows for both load and/or
displacement controlled analysis, which can be used to apply external forces to the
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structure. In load controlled analysis, the load changes incrementally while the
displacement results depend on the stiffness of the structure. Conversely, in displacement
controlled analysis, the displacement changes incrementally while the reaction force results
depend on the structure’s stiffness. At smaller loads which are applied within the linear
elastic domain of a structure’s material response, both methods effectively produce similar
results with convergence generally achieved faster in a load controlled method. However,
for a nonlinear analysis in which the loads may cause plastic deformations, a load
controlled analysis can cause convergence issues, leading to the analysis becoming
unstable near the peak or ultimate load. As previously mentioned, pipe wall wrinkling can
be characterized as a localized nonlinear buckling problem, which necessitates the use of
a displacement-controlled method to load the test specimen. Hence, it was deemed
necessary to select an FEA package capable of loading the specimen by the use of a
displacement controlled approach.
It shall be noted all the finite element modelling in this research study was conducted using
ABAQUS, which was installed on a desktop personal computer. Details of the
configuration and computational power of this machine are shown in Table 5.1.
Furthermore, it shall be noted that ABAQUS also offers the ability to compute using
parallelization, which was employed in this analysis. Parallel computing (parallelization)
is a method of simultaneously breaking up and running program tasks on multiple
processors, thereby reducing the processing time. In particular, all eight processors
equipped on this machine were enabled, which effectively reduced the run-time for these
analyses.
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Table 5.1: Workstation System Configuration Details

Item

Value

Operating System Name

Microsoft Windows 10 Education

System Type

x64-based PC

Processor

Intel® Core™ i7-6700 CPU @ 3.40 GHz,
4 Cores, 8 Logical Processors

Installed Physical Memory (RAM)

16.0 GB

Total Available Memory (RAM)

15.9 GB

Following a consistent approach as to those used in Chapter 3 and Chapter 4, the following
sections discuss the details describing the development of the finite element models used
to simulate each stage of the experimental program.
5.3.1

Stage 1 - Wrinkle Defect Initiation

The following sections describe the details of simulating the wrinkled pipe segment. The
purpose of this stage of the model was to generate different meshes, which would be
geometrically representative of typical wrinkle defects with varying geometries.
5.3.1.1

Geometry and Element Selection

The test specimens in this research study were modelled as an assembly of three parts;
namely the top and bottom endplates, and the pipe specimen. Each part was discretized
into an accumulation of finite elements, which were selected based on careful consideration
of the availability of elements within the ABAQUS element library. Upon discretization of
each part, a surface-based tie constraint was used to couple all nodes along the
circumferential edge of the top and bottom segments of the pipe, to the adjacent nodes on
the top and bottom endplates. Doing so bound the edges of the pipe to the endplates while
ensuring no relative motion between them, and effectively simulating the circumferential
weld used to assemble the test specimens.
The S4R shell element was selected to represent the discrete elements used to model the
pipe specimen. It has been demonstrated this element is an appropriate element for
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modelling the behaviour of segments of linepipe under different loading conditions and has
been adopted by several research studies on pipelines in the past [53]–[55]. This element
is a general-purpose, linear, doubly-curved conventional shell element which is intended
for three-dimensional shell geometries. It is intended for both thick and thin shell
applications, which accounts for finite membrane strains and allows for transverse shear
stresses. This four-node element has six degrees of freedom; specifically, three
translational (𝑢1 , 𝑢2 , and 𝑢3 ) and three rotational (𝜃1 , 𝜃2 , and 𝜃3 ) where axes 1, 2, and 3
are sequentially perpendicular to each other.
The element’s membrane response is considered by an assumed strain formulation, which
produces accurate solutions to in-plane bending problems, is not sensitive to element
distortion, and avoids shear locking [10]. Namely, this element is based on an isoparametric
displacement-based formulation (see Section 5.2). This suggests that the element and
geometric displacements are interpolated in a similar manner. The S4R element employs
the use of reduced integration to compute the stiffness of the element, with integration
points going through the thickness of the shell. Reduced integration elements use fewer
number of integration points, in comparison to full integration. Evidently, using more
integration points should yield solutions that are more accurate; however, reduced
integration elements are generally preferred as they reduce the run-time of the model
analysis. In particular, this result is generally more applicable for second-order reduced
integration elements, which yields results with better accuracy than the corresponding fully
integrated elements. However, for first-order elements (such as the S4R) the accuracy
achieved with reduced or full integration is largely dependent on the nature of the problem.
By default, numerical integration was accomplished by using Simpson’s rule. Although
ABAQUS does enable the ability to change the number of integration points, the default
number of five integration points were used through the thickness of the element.
ABAQUS enables the user to define a customized local coordinate system and material
orientation, however, the default local directions of the shell elements were employed for
the purpose of this analysis. This coordinate system is defined such that axis 1 and axis 2
both lie in the plane of the shell. The default local 1-direction is projected parallel to the
global 1-axis onto the shell surface. The local 2-direction is perpendicular to the local
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1-direction in the surface of the shell, so that the local 1-direction, local 2-direction, and
the positive normal to the surface form a right-handed set. The normal direction of an
element is particularly important as it defines the direction in which surface loads such as
pressure will be applied in the model. Furthermore, element output variables such as
stresses and strains for shell elements are defined in terms of these local material directions.
Figure 5.1 shows a typical shell element belonging to the modelled pipe segment, with the
superimposed local and global coordinate systems, as previously described. It shall be
noted by default, ABAQUS labels the “top” surface of the shell in the positive normal
direction and conversely, the “bottom” of the shell as the opposite. Furthermore, integration
points are numbered consecutively, where point one is exactly on the bottom surface of the
shell and point five is exactly on the top surface.

Figure 5.1: Default Shell Element Coordinate System

As previously mentioned, the test specimens were an assemblage of three parts, including
the pipe specimen and the two endplates. Both sets of endplates were discretized and
modelled using the R3D4 three-dimensional discrete rigid element. This four-node bilinear
rigid quadrilateral element is used to define surfaces of rigid bodies, which can be attached
to deformable elements; in this case, attached to the deformable S4R shell elements used
to model the pipe. All discretized elements belonging to a discrete rigid part share a
common node, known as the rigid body reference node. This reference node is used to
apply all rigid body motion or boundary constraints. The rigid body reference node has
independent degrees of freedom; specifically, three translational (𝑢1 , 𝑢2 , and 𝑢3 ) and three
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rotational (𝜃1 , 𝜃2 , and 𝜃3 ) where axes 1, 2, and 3 are sequentially perpendicular to each
other. Aside from the one reference node, all adjacent nodes attached to rigid elements
have only slave degrees of freedom, in which the motion of these nodes is determined
entirely by the motion of the rigid body reference node.
Similar to the S4R shell element, the positive normal for R3D4 elements is given by the
right-hand rule going around the nodes of the element, in the order that they are given in
the element’s connectivity [10]. Furthermore, ABAQUS labels the “top” surface of the
rigid element in the positive normal direction and conversely, the “bottom” of the rigid
element as the opposite. Rigid elements remain in their original configuration and do not
undergo any deformation or distortion. Hence, these elements do not use numerical
integration points. Moreover, when used in conjunction with a displacement controlled
approach in which the motion of the reference node is defined, the only output from rigid
elements is the reaction forces and reaction moments available at the rigid body reference
node.
5.3.1.2

Symmetry of the Model

It is evident that given the geometry and loading conditions of the test setup discussed in
Chapter 3, this analysis could be simplified by taking advantage of the inherent symmetry
in this problem. Specifically, it is apparent there exists an axis of symmetry in the
longitudinal direction of the pipe. Accounting for this symmetry would reduce the number
of elements and nodes, thereby reducing the size of the stiffness matrix of the global
structure and hence, reducing the processing time of the model. ABAQUS offers a wide
range of elements which can be utilized to create a model by incorporating symmetry; such
as the SAX1 and RAX2 axisymmetric elements, which could be used in place of the S4R
and R3D4 general three-dimensional elements previously discussed in Section 5.3.1.1.
The use of symmetry was initially considered, as shown in Figure 5.2 which shows the
deformed configuration of the pipe specimen using axisymmetric elements. This model
was developed by modelling the pipe cross-section using a shell base feature. When
revolved, this generates a three-dimensional solid object which hence, dictates this part be
discretized using solid elements (in this case the CAX4R element). The CAX4R element
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is a four-node bilinear axisymmetric quadrilateral, reduced integration, hourglass control,
solid continuum element. As mentioned earlier, previous research studies have
demonstrated that shell elements are the most appropriate for FEA of nonlinear collapse of
pipelines [53]–[55]; particularly since solid elements are formulated with only three
translational degrees of freedom, and no rotational degrees of freedom. ABAQUS permits
three different base features which can be used to generate an axisymmetric model; namely,
shell, wire, and point. Rather than have modelling the geometric base feature of the pipe
cross-section using a shell, using a wire base feature would have generated a
three-dimensional shell object, and hence permitting the use of the SAX1 axisymmetric
shell element. Due to time limitations not permitting, no further study of employing another
model developed using the SAX1 axisymmetric element was done. Furthermore, it was
assumed the marginal reduction in model run-time using axisymmetric shell elements
compared to general three-dimensional elements did not substantiate the necessity to
develop another model. Therefore, all results hereby discussed are obtained from the
original model, developed using the S4R and R3D4 general three-dimensional shell
elements.

(a) Symmetric Model Generation

(b) Model revolved (elements swept) 270 degree
Figure 5.2: Deformed configuration of pipe model using axisymmetric elements
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5.3.1.3

Modelling of the Collars

As discussed in Section 3.2.9.2, steel collars were used to prevent local buckling due to the
existence of high stress concentration near the immediate vicinity of the two ends of the
pipe. A perfect representation of these collars would require the use of employing contact
nonlinearity to define the surface-to-surface contact between adjacent surfaces of the pipe
and collars. Introducing this nonlinearity would complicate the model and hence, increase
the run-time of the analysis. Rather, the collars were artificially modelled by increasing the
shell thickness of the region of the pipe where the collars were fastened. To be more exact,
the shell thickness within the top and bottom 279.4 mm of the pipe specimen length was
equivalent to 10.44 mm, whereas the shell thickness within the unconfined collar region
(pipe specimen) was equivalent to 3.44 mm. This approach of artificially simulating the
collars has been used by several different researchers in the past [53]–[55].
5.3.1.4

Boundary Conditions

Reference nodes (RP-1 and RP-2) positioned at the centroid of each top and bottom
endplates were used to invoke the physical and kinematic boundary conditions of the test
setup for Stage 1. Since the endplates were modelled using discrete rigid part instances, all
degrees of freedom applied to the reference nodes was translated to the other accompanying
nodes belonging to the endplates. The displacement controlled axial load (𝑢3 ) was applied
at the top reference node RP-1, to simulate the boundary conditions applied to the top plate
of the test specimens. The fully constrained condition (𝑢1 = 𝑢2 = 𝑢3 = 𝜃1 = 𝜃2 = 𝜃3 =
0) was applied at the bottom reference node RP-2, to simulate the boundary conditions
applied to the bottom plate of the test specimens.
5.3.1.5

Material Properties

As discussed in Section 4.4, results obtained from longitudinal tension tests were used to
establish material properties belonging to the test specimens (see Table 4.4). It is believed
that ductile engineering materials (such as steel) often have nearly identical initial portions
of stress-strain curves in tension and compression. After large amounts of deformation, the
curves may still agree, provided the true stresses and strains are plotted in place of the
engineering or nominal stresses and strains [56]. Hence, for the purpose of material
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definition in this model, only results obtained from uniaxial tension tests were used. No
material tests were conducted to measure the stress-strain behaviour of the pipe material in
compression. Furthermore, it is generally regarded that steel demonstrates isotropic
behaviour, which suggests that its mechanical properties are the same in all directions.
Hence, for the purpose of the material definition, it was also assumed tension test results
obtained from the coupon specimens prepared in the longitudinal direction of the pipe
would suffice. No attempts were made to establish the pipe material in the circumferential
direction. These assumptions are typical for modelling pipeline structures, and have been
employed in similar studies in the past [53]–[55].
As previously mentioned, wrinkle formation can induce large plastic deformations,
depending on the magnitude of the wrinkle defect. Plasticity theory provides a
mathematical relationship that characterizes the elastoplastic response of materials. It is
regarded that rate-independent plasticity theory can be defined using the following: an
appropriate yield criterion, flow rule and hardening rule. The yield criterion determines the
stress level at which yielding will initiate. The flow rule determines the direction of plastic
straining. Lastly, the hardening rule describes the progression of the yield surface with
progressive yielding, so that the conditions (i.e. stress states) for subsequent yielding can
be established. For the purpose of this model, an elastic-plastic material definition was used
which was based on the von Mises yield criterion, the associated plastic flow rule, and the
assumption that the material will undergo isotropic hardening.
The material properties obtained from the coupon test are expressed in terms of engineering
(nominal) stress and engineering (nominal) strain (see Figure 4.13). ABAQUS
approximates the smooth engineering stress-strain behaviour, using a piecewise
formulation based on the true stress-true plastic strain material response. In comparison to
engineering stress (𝜎𝑛𝑜𝑚 ) which is based on the initial cross-sectional area (𝐴𝑜 ) of the
material, true stress (𝜎𝑡𝑟𝑢𝑒 ) is established by normalizing the instantaneous load (𝐹𝑁 ) acting
on the instantaneous cross-sectional area (𝐴). Similarly in comparison to engineering strain
(𝜀𝑛𝑜𝑚 ) which is based on the initial length (𝐿𝑜 ) of the material, the true strain (𝜀𝑡𝑟𝑢𝑒 ) is
established by normalizing the change in length (𝑑𝐿) with respect to the instant length (𝐿𝑜 )
of the gauge section. By employing a constant volume assumption within the reduced
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section (𝑉 = 𝐴𝐿 = 𝐴𝑜 𝐿𝑜 ), relationships can be established to convert the nominal stressstrain data to true stress-strain data, as shown in Equation (5.6) and Equation (5.10). As
previously mentioned, plastic material data is input into ABAQUS based on the true yield
𝑝𝑙
stress (𝜎𝑡𝑟𝑢𝑒 ) as a function of the true plastic strain. Therefore, true plastic strain (𝜀𝑡𝑟𝑢𝑒
)
𝑒𝑙
must be established by removing the elastic component (𝜀𝑡𝑟𝑢𝑒
) from the true strain, as

shown in Equation (5.10).
𝐹
𝐹𝐿𝑜
=
𝐴 𝐴𝑜 𝐿𝑜

(5.4)

𝐿 − 𝐿𝑜
𝐿
=
−1
𝐿𝑜
𝐿𝑜

(5.5)

𝜎𝑡𝑟𝑢𝑒 =

𝜀𝑛𝑜𝑚 =

∴ 𝜎𝑡𝑟𝑢𝑒 =

𝐹
(1 + 𝜀𝑛𝑜𝑚 ) = 𝜎𝑛𝑜𝑚 (1 + 𝜀𝑛𝑜𝑚 )
𝐴𝑜

(5.6)

𝐿

𝑑𝐿
𝐿
= ln ( )
𝐿𝑜
𝐿𝑜 𝐿

𝜀𝑡𝑟𝑢𝑒 = ∫

(5.7)

𝐿 = 𝐿𝑜 (1 + 𝜀𝑛𝑜𝑚 )

(5.8)

∴ 𝜀𝑡𝑟𝑢𝑒 = ln(1 + 𝜀𝑛𝑜𝑚 )

(5.9)

𝑝𝑙
𝑒𝑙
𝜀𝑡𝑟𝑢𝑒
= 𝜀𝑡𝑟𝑢𝑒 − 𝜀𝑡𝑟𝑢𝑒
= 𝜀𝑡𝑟𝑢𝑒 −

𝜎𝑡𝑟𝑢𝑒
𝐸

(5.10)

Although the relationships shown in Equation (5.6) and Equation (5.10) allow for an
effective approach to obtain the true stress-true strain material characterization, these
relationships are only valid until the onset of necking [56]. At which point, most
engineering steels subjected to uniaxial tension begin to undergo a non-uniform
deformation field, also referred to as plastic instability. Simultaneously, relatively large
amounts of strain localize disproportionately in a small region of the material, commonly
referred to as necking. As a result, engineering strains obtained beyond this point become
merely an average over the region of non-uniform deformation. This result does not
represent the maximum strain within the material and hence, limiting the validity of these
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relationships prior to the onset of necking. Several studies have been conducted to develop
methods to establish the true stress-true strain behaviour, beyond the post-ultimate region
of an engineering stress-strain curve [57]–[59]. Ling [58] proposed a weighted-average
method, where a linear strain hardening model is adopted as the upper bound and a
power-law fit, which represents the strain hardening region beyond yielding is used as the
lower bound. The weight factor is determined iteratively by using a finite element model
of the coupon specimen (see Section 5.3.3) and comparing the experimental and simulated
result until a satisfactory agreement is achieved. For the purpose of the pipe model, the true
∗
stress beyond necking (𝜎𝑡𝑟𝑢𝑒
) was established as a function of true strain beyond necking
∗
(𝜀𝑡𝑟𝑢𝑒
), and was determined using the weighted-average method, as shown in Equation

(5.11).
𝑛

∗
𝜎𝑡𝑟𝑢𝑒

=

𝑢𝑡
𝜎𝑡𝑟𝑢𝑒

∗
𝜀𝑡𝑟𝑢𝑒
𝑢𝑡 )]
∗
[𝑤 ⋅ ( 𝑢𝑡 ) + (1 − 𝑤) ⋅ (1 + 𝜀𝑡𝑟𝑢𝑒
− 𝜀𝑡𝑟𝑢𝑒
𝜀𝑡𝑟𝑢𝑒

(5.11)

where,
𝑢𝑡
𝜎𝑡𝑟𝑢𝑒

= True stress corresponding to ultimate strength

𝑢𝑡
𝜀𝑡𝑟𝑢𝑒

= True strain corresponding to ultimate strength

n

= Power-law material constant

𝑤

= Weight constant

To summarize, the elastic material response used for the numerical analysis was defined
based on the modulus of elasticity (𝐸) and Poisson’s ratio (𝜐), equal to 201275 MPa and
0.3, respectively. The plastic material response used for the numerical analysis was defined
using the true stress-true plastic strain data, obtained by post-processing the coupon test
data as previously discussed. Specifically, Equations (5.6) and (5.10) were used to define
the plastic material response prior to the onset of necking, whereas Equation (5.11) was
used beyond the post-ultimate region of the engineering stress-strain curve. The
post-processed true stress-true plastic strain data is presented graphically, and in a tabular
format in Figure 5.3 and Table 5.2 respectively.
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Figure 5.3: True stress-true plastic strain behaviour till fracture
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Table 5.2: Material properties used for pipe model

𝐸 = 201275 MPa, 𝜐=0.3
True Stress (MPa) True Plastic Strain

5.3.1.6

324.0

0

332.0

0.024

349.8

0.031

371.9

0.048

389.1

0.065

409.4

0.092

425.5

0.119

438.9

0.147

478.9

0.238

549.4

0.397

637.4

0.597

725.4

0.796

813.5

0.996

Mesh Convergence Study

In most finite element modelling applications, finer meshes (small elements) typically yield
results that are more accurate, in comparison to the results obtained from a coarse mesh
(large elements). However, as the mesh is made finer, the size of the structure stiffness
matrix simultaneously increases and hence, requiring more time for the model to establish
a solution. The methodology of establishing a refined mesh, that satisfactorily balances
accuracy and computational resources is commonly referred to as a mesh convergence
study.
Common solution methods of mesh refinement include the h-method and the p-method.
The h-method improves accuracy by using a finer mesh of the same type of elements. This
effectively decreases the characteristic length of the elements by dividing each existing
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element into additional elements, without changing the type of element used (see
Figure 5.3(b)). The p-method improves accuracy by using the same mesh, but by increasing
the strain field accuracy within each element. This is accomplished by increasing the
degree of the highest polynomial of the interpolation function, without increasing the
number of elements used (see Figure 5.3(c)). In practice, the p-method is considered
obsolete, as most commercially available FEA packages (including ABAQUS) only offer
first or second-order elements, limiting the utility of this refinement method. Rather, the
h-method is generally used in which the size of the element is incrementally reduced until
convergence is established. Hence, for the purpose of this numerical model, the h-method
refinement strategy was employed to establish an optimal mesh. It shall be noted only the
mesh used to model the pipe was refined in this study, as the pipe specimen was the main
focus of this numerical simulation. The material and geometric properties, as well as the
loading and boundary conditions, were defined to simulate the wrinkle initiation stage of
specimen IP30WA10 (see Table 3.2 for details).

(a) Original mesh

(b) h-refinement

(c) p-refinement

Figure 5.4: Methods of mesh refinement

ABAQUS uses mesh seeds that serve as markers along the edge of a region to specify the
target mesh density. These seeds can be defined globally, in which the seeds are defined to
the entire part, or can be applied locally, in which the seeds are defined along a particular
boundary or edge. Upon seeding, the ABAQUS CAE preprocessor generates meshes that
match the seeds as closely as possible. Different sizes of global seeding were used to
produce elements with varying mesh densities, as shown in Table 5.3.
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Table 5.3: Effect of mesh density on the accuracy and duration of analysis

Increase in
Max Load
Run-time
vonMises
%
%
Run-time
(before
from Element
(MPa)
Error
Error (mm:ss)
unloading)
Size 17
(mm:ss)

Global
Element
Size
(mm)

Number
of
Elements

17

1140

461.9

8.1

392.5

32.9

00:27

-

14

1728

470.4

6.4

351.7

19.0

00:35

00:08

10

3366

485.0

3.5

332.6

12.6

00:47

00:20

7

6862

492.7

1.9

315.2

6.7

01:30

01:03

5

13464

496.2

1.2

301.5

2.0

02:12

01:45

4

21248

501.5

0.2

299.4

1.3

03:53

03:26

3

37400

502.3

-

295.5

-

07:34

07:07

The resultant load vs. global displacement response based on each mesh density is shown
in Figure 5.5. Furthermore, the relationship between the corresponding load at maximum
displacement and the number of elements with each mesh is shown in Figure 5.6. Based
on both of these figures, it is apparent that the post-buckling response of this pipe specimen
is highly sensitive to the element size. This sensitivity can be explained by examining the
vonMises stress at the wrinkle crest. Figure 5.7 shows that as the number of elements
employed in this model is increased, the predicted vonMises stress also increases. This
increase in vonMises stress eventually diminishes, with only a marginal increase with
elements smaller than 4 mm. It is known that the wrinkle initiation site is a region where
the stresses are highly localized, particularly at the wrinkle crest. Larger elements fail to
depict the strain field within this area; and hence, yield results that are not a true depiction
of the maximum stresses, but merely an average within this region. As a result, the
magnitude of the arising wrinkle is reduced and hence, increasing the load beyond
post-buckling.
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Figure 5.5: Load vs. global displacement response of IP30WA10 with varying mesh densities
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Figure 5.6: Load at maximum displacement vs. mesh density
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Figure 5.7: vonMises Stress at wrinkle crest vs. mesh density

As shown in Figure 5.5, Figure 5.6, and Figure 5.7, the model converges with elements
smaller than 4 mm. Therefore, 3 mm size elements were selected for the purpose of
meshing the pipe specimen in this model. In terms of computational resources, it can be
seen that the increase in run-time with elements smaller than 4 mm is relatively larger in
comparison to the run-time of models with larger elements. Hence, the element mesh was
additionally refined by employing the use of slightly larger elements outside of the wrinkle
region. To be more exact, the collared region was discretized with elements of size
20 mm x 3 mm, in the longitudinal and circumferential direction respectively. This was
done by using a double-bias seeding approach, to avoid any abrupt changes in element
sizes. Figure 5.8 shows a graphical representation of the refined mesh, utilized to discretize
both the pipe and endplates in this model.
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(a) Pipe Mesh

(b) Endplate Mesh
Figure 5.8: Pipe Assemblage Meshing

5.3.1.7

Load Histories

The loading scheme consisted of a sequence of five different steps, which were
representative of the applied loading discussed in Section 3.2.10.2. The following
summarizes each loading step in brief detail:
1. Step 1: Pressurize Pipe
The first step in the loading procedure involved the application of the internal
pressure. Similar to the experimental program, two different internal pressures were
applied depicting the pressures applied in both Group 1 and Group 2 specimens. To
be more exact, Group 1 specimens (0.8𝑝𝑦 ) were modelled by applying a pressure
equivalent to 1527 psi (10.4 MPa), while Group 2 specimens (0.3𝑝𝑦 ) were modelled
by applying a pressure equivalent to 573 psi (3.95 MPa). This internal pressure was
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introduced as a distributed load, which was applied as a follower surface type load.
By definition, follower surface type loads are loads in which the line of action
rotates with the surface in a geometrically nonlinear analysis [10].
2. Step 2: Axial Displacement
In the second step, the displacement controlled axial compressive load (Papplied) as
described in Section 3.2.10.2 was applied. Displacement boundary condition
(𝑢3 = max stroke) was applied to the top endplate of the pipe assemblage, which
was equivalent to the maximum displacement stroke applied to each specimen in
the experimental program. All other boundary conditions were restrained (𝑢1 =
𝑢2 = 𝜃1 = 𝜃2 = 𝜃3 = 0).
3. Step 3: Unload Pipe (Displacement)
In the third step, the displacement controlled axial compressive load applied in the
preceding step was unloaded (𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = 0) to account for elastic spring back. To
be more exact, all boundary conditions applied to the top plate were deactivated in
this step, effectively unloading the pipe specimen.
4. Step 4: Unload Pipe (Pressure)
In the fourth step, the internal pressure applied in Step 1 was removed to completely
unload the pipe specimen. Similar to the displacement controlled axial compressive
load, the internal pressure load was deactivated in this step, effectively relieving
the pipe specimen of any external loading.
5. Step 5: Pressure Cyclic Loading
In the fifth step, the deformed pipe specimens were subjected to pressure cycles
representative of those described in Section 3.2.2. It is evident that applying the
large number of pressure cycles physically applied to the test specimens belonging
to the experimental program would have been extremely expensive, in terms of
computational resources (run-time and memory). Furthermore, based on the results
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obtained from the experimental program, it was found that a significant portion of
the strain arising due to pressure cyclic fatigue loading occurs within the initial
cycles. However, it was also found that the progression of these strains eventually
diminishes with consecutive cycling, leading to an elastic shakedown condition
similar to one discussed in Section 4.3.2 (see Figure 4.10). Hence, only a few (10)
constant-amplitude pressure cycles were applied. It shall be noted that although this
approach does not completely represent the progression of plastic strains arising
due to the cyclic loading, this simplification gives rise to results which can be
considered to be more conservative, in comparison to the actual loading conditions.
To be more exact, plastic strains arising due to the pressure cyclic loading reduce
the localization of stresses within the wrinkle, by reducing the abrupt geometric
change within the wrinkle profile; and thereby, reducing the arising stress
concentration.
Similar to Step 1, the cyclic internal pressure was introduced as a distributed load,
which was applied as a follower surface type load. A modified amplitude was
defined to characterize the variation of the pressure throughout this step, as shown
in Figure 5.9. It shall be noted this amplitude is normalized based on the peak cyclic
pressure (0.8𝑝𝑦 ) in the experimental program, and should not be misinterpreted as
a normalization based on the yield pressure (𝑝𝑦 ).
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Figure 5.9: User-defined amplitude vs. time period

5.3.1.8

Solution Methods and Convergence

As discussed in Section 5.2, the primary and secondary unknown quantities of a finite
element problem can be established using a direct approach, but generally iterative methods
are employed as they are more suitable for analysis of complex structures. By default,
ABAQUS uses Newton’s method as a numerical technique to solve nonlinear equilibrium
equations. The motivation for this choice is primarily the rate of convergence obtained by
using Newton’s method, in comparison to the rate of convergence obtained by alternative
methods, such as the modified Newton or quasi-Newton methods. Specific details of
Newton’s method employed in this model are described in the ABAQUS/Standard User’s
Manual, Version 6.14 [10]. The default numerical technique of employing Newton’s
method was used in each of the pipe models.
Several control parameters are associated with the convergence and integration accuracy
algorithms in ABAQUS. These parameters are assigned default values that are chosen to
optimize the accuracy and efficiency of the solution. For structural stress analysis using
ABAQUS, four parameters are checked for convergence; namely, force, moment,
displacement and rotation. For example, convergence is obtained when the size of the
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residual (disequilibrium) force is less than a tolerance times a reference value, and/or when
the size of the increment of the displacement is less than a tolerance times a reference value.
In this model, only default tolerance values were used. The default value of the tolerance
for force(s) and moment(s) is 0.005, whereas the default value of tolerance for
displacement(s) and rotation(s) is 0.001 [10].
An automatic incrementation scheme was utilized in this model, which automatically
adjusted the size of the time increments for improved efficiency, based on the initially
defined time step. In particular, ABAQUS automatically controlled the size of the
increment, such that it increased the increment size when convergence was easily obtained.
It shall be noted that the default maximum increment size was reduced to 10% of the step
time, in order to increase the data set generated from the model analysis by limiting the
largest permissible increment. Furthermore, in the event the solution did not converge
within a certain number of iterations or if the solution appeared to diverge, this automatic
incrementation scheme abandoned the increment and restarted, with the subsequent
increment size set to 25% of its previous value.
5.3.2

Stage 2 - Cyclic Pressure Fatigue Test

The following sections describe the details of developing models to numerically quantify
the localization of stresses within the wrinkle region, and establish the corresponding stress
concentration factors. It is understood that although another loading step could have been
created to simulate the loading conditions associated with Stage 2, this was done
deliberately in order to ignore the effects of residual stresses arising due to the wrinkle
formation from Stage 1. Justification of doing so is discussed in further detail in Chapter 7.
5.3.2.1

Element and Mesh Selection

The collection of nodes and elements generated from each model belonging to Stage 1 (that
is, the deformed geometry of the pipe specimen resulting from the Stage 1 analysis) were
imported as a new part instance, which were obtained from the output database in the form
of an orphan mesh. An orphan mesh contains no feature information and is generally
imported into the ABAQUS CAE preprocessor from an earlier analysis (.odb file). All
nodes along the circumferential edge of the orphan mesh pertaining to the pipe, and the top
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and bottom endplates were coupled using surface-based tie constraints to model the
endplates. Similar to Stage 1, all elements belonging to the endplates were modelled using
the R3D4 three-dimensional discrete rigid element.
5.3.2.2

Boundary Conditions

Boundary conditions applied to the pipe assemblage were representative of those in an
unrestrained buried pipeline and hence, the top plate of the pipe assemblage was free to
fully expand and contract, in response to the pressure cyclic loading. Similar to Stage 1, a
fully constrained condition (𝑢1 = 𝑢2 = 𝑢3 = 𝜃1 = 𝜃2 = 𝜃3 = 0) was applied at the
bottom reference node RP-2, to simulate the boundary conditions applied to the bottom
plate of the test specimens. This is similar to what was followed in the experimental test
setup of Stage 2.
5.3.2.3

Material Properties

The purpose of this stage of the model was to simulate the post-elastic shakedown
condition of the wrinkled pipes. Post-elastic shakedown has been discussed in Section 4.3.2
and shown in Figure 4.10. It was assumed that the wrinkled pipe specimens respond
perfectly linear elastically once the elastic shakedown condition had been established.
Hence, for the purpose of material definition, elastic material properties were introduced
where Young’s Modulus (𝐸) and Poisson’s Ratio (𝜐) were taken as 201275 MPa and 0.3
respectively.
5.3.2.4

Load Histories

The loading scheme consisted of a single load step, corresponding to a small internal
pressure which was sufficient to initiate an elastic response and thereby, provide the stress
concentration factor. To be more exact, each pipe specimen was pressurized to 0.09𝑝𝑦 ,
which was equivalent to 165 psi (1.14 MPa). Similar to previous pressurization load
histories, the pressure load was modelled as a follower surface type load.
5.3.3

Material Property Verification

As mentioned in Section 5.3.1.5, a supplementary numerical model was also developed to
simulate the uniaxial tension test specimens and establish the plasticity material definition,
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beyond the post-ultimate region of the engineering stress-strain curve. Similar to the pipe
model, the tension test specimens were modelled using ABAQUS/Standard Version
6.14-2 [10]. The material properties used in this numerical model and analysis prior to the
onset of necking were defined as an elastic-plastic behaviour response, based on the
engineering stress-strain data obtained from the coupon tests. Material definition beyond
the onset of necking was established by using a weighted-average method, discussed in
detail in Section 5.3.1.5.
The C3D10 solid element was selected to discretize the coupon specimen. This element is
a general-purpose, quadratic tetrahedron solid element, which is generally regarded as a
suitable element where complex geometries (in this case the fillet) can complicate meshing
using hexahedral (brick-shaped) elements. This 10-node element has three translational
degrees of freedom (𝑢1 , 𝑢2 , and 𝑢3 ), where axes 1, 2, and 3 are mutually perpendicular to
each other. Upon selecting an appropriate element, the coupon specimen was discretized
using the ABAQUS CAE preprocessor with 3.5 mm global seeding. It shall be noted an
artificial 50 mm gauge section was introduced by partitioning the inner 50 mm region
within the reduced section of the modelled coupon. This allowed for a direct comparison
of engineering strains established based on the relative nodal displacements spaced at
50 mm apart in the model, and the 50 mm physical extensometer used during the
experimental tests.

Figure 5.10: Simulated uniaxial tension test specimen mesh

Two reference points (RP-1 and RP-2) were created along the longitudinal axis of the
coupon specimen, 20 mm (outward) from each end of the grip section. Kinematic coupling
constraints were applied between the entire surface of the top and bottom grip region and
RP-1 and RP-2 respectively, as shown in Figure 5.11. This was done to restrain the
degree-of-freedoms of each node within the grip section, to the degree-of-freedoms
assigned at both reference points. A fixed boundary condition was applied at reference
point 1 (RP-1) such that all translational and rotational degrees of freedom were restrained
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(𝑢1 = 𝑢2 = 𝑢3 = 𝜃1 = 𝜃2 = 𝜃3 = 0). A displacement controlled tensile load was applied
using a translational displacement in the longitudinal direction of the coupon (𝑢3 ); all other
degrees of freedom were restrained (𝑢1 = 𝑢2 = 𝜃1 = 𝜃2 = 𝜃3 = 0). This load was applied
incrementally using the automatic incrementation scheme, all within the same step.

Figure 5.11: Simulated grip section using kinematic coupling constraint

The results obtained from the model analysis are expressed graphically in terms of an
engineering stress-strain curve in Figure 5.12 and Figure 5.13, with the superimposed
experimental results obtained from the coupon tests. It can be concluded that both the
experimental test results and the simulated FEA results are in good agreement with each
other, prior to the rupture point of the specimen. At which point, the FEA result begins to
overestimate the material resistance and does not accurately depict the physical behaviour
observed from the coupon tests. It should be noted that this divergence initiates well beyond
the onset of necking, giving rise to excessively large strains which were not observed in
the wrinkle initiation stage of this experimental program. Hence, it can be concluded that
the defined elastic-plastic material response is suitable for accurately depicting the material
response of the wrinkled pipe specimens.
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Figure 5.12: API 5L X42 elastic-plastic material verification
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Figure 5.13: API 5L X42 linear elastic and post-yielding material validation
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6.

VALIDATION OF FINITE ELEMENT MODEL

6.1

General

Finite element analysis (FEA) is a powerful tool which can be used to evaluate complex
structural engineering problems. However, as with any other engineering analysis tool,
proper consideration must be given to ensure the credibility of results obtained from the
analysis. Validation and verification is a procedure used to confirm that a developed FEA
model behaves accordingly, in regards to the laws of engineering mechanics. To be more
exact, verification is the process of determining whether a computational model accurately
represents the underlying mathematical model and its solution. In contrast, validation is the
process of determining the degree to which a model is an accurate representation of the
physical behaviour being simulated. Generally, verification is considered as a prerequisite
to validation, which consists of several checks to confirm the accuracy of the developed
finite element model. Typical verification checks consist of an element sensitivity and
mesh convergence studies, and material definition checks; both of which have been
discussed in detail in Chapter 5.
The purpose of this chapter is to discuss the procedure of validating the developed finite
element model results, against the physical test data presented in Chapter 4.
6.2

Stage 1 - Wrinkle Defect Initiation

Test data belonging to the wrinkle initiation stage (Stage 1) of the experimental program
was used to validate the initial wrinkling stage of the finite element model. To be more
exact, the load vs. global deformational response (based on the LVDT data) of each pipe
specimen was compared with the simulated global and local deformational FEA results.
Recalling from Section 3.2.3, two separate groups of test specimens were developed;
specifically, Group 1 and Group 2 specimens which were pressurized to 0.8𝑝𝑦 or 0.3𝑝𝑦 ,
respectively to develop the wrinkle defect. The following sections present the validation
results based on both the experimental results of Group 1 and Group 2 specimens.
In addition to the global deformational response, the load vs. local deformational response
(wrinkle amplitude) based on the experimental methods using DIC, and the simulated result
using the FEA model were also compared. It was found that although there was some
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agreement with both results, the reliability of the DIC result was limited, particularly for
measuring wrinkle defects with relatively only small magnitudes. Hence, for the purpose
of FEA model validation, only the load vs. global deformational response are presented in
the following sections. A comparison of the measurements of the wrinkle amplitude based
on the DIC result, contour gauge, and the FEA model have been included in Appendix C.
A summary of the experimental and finite element analysis results are provided in
Table 6.1 and Table 6.2, corresponding to Group 1 and Group 2 specimens respectively.
Critical points in terms of the load-deflection behaviour (yield, ultimate and maximum
stroke) were compared by evaluating the % 𝐸𝑟𝑟𝑜𝑟 between the experimental result and the
FEA result. It shall be noted % 𝐸𝑟𝑟𝑜𝑟 in this context is defined as the difference between
the predicted result using FEA (𝐹𝐸𝐴𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 ), and the observed result obtained through
experimental methods (𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ), normalized by the experimental result
(𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ); as shown in Equation (6.1).
% 𝐸𝑟𝑟𝑜𝑟 =

6.2.1

𝐹𝐸𝐴𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
× 100
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

(6.1)

Group 1 Specimens

As specified in Table 3.2, Group 1 consists of the following specimens: IP80WA12,
IP80WA8 and IP80WA5. Figure 6.1, Figure 6.2 and Figure 6.3 each compare the load vs.
global displacement behaviours of the experimental and simulated results of specimens
IP80WA12, IP80WA8, and IP80WA5 respectively. In a similar manner, Figure 6.4,
Figure 6.5, and Figure 6.6 each provide a visual comparison between the deformed
configurations of the tested specimens and the FEA models corresponding to IP80WA12,
IP80WA8, and IP80WA5 respectively.
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Figure 6.1: Comparison between Load vs. Displacement plots for Experimental and FEA results for
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Figure 6.2: Comparison between Load vs. Displacement plots for Experimental and FEA results for
Specimen IP80WA8
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Figure 6.3: Comparison between Load vs. Displacement plots for Experimental and FEA results for
Specimen IP80WA5
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Figure 6.6: Deformed Shape of Specimen IP80WA5
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Table 6.1: Summary of Experimental and FEA Results for Group 1 specimens

Specimen
IP80WA12 IP80WA8 IP80WA5

∆y
(mm)
Yield
Point
Py
(kN)

∆u
(mm)
Ultimate
Point
Pu
(kN)

∆m
(mm)
Maximum
Stroke
Point
Pm
(kN)

Wrinkle
h
Amplitude (mm)

Experimental

0.9

0.7

0.9

FEA

0.8

1.2

1.2

% Error

11.6

68.1

33.4

Experimental

423

400

410

FEA

399

402

399

% Error

5.8

0.3

2.8

Experimental

4.8

4.0

4.1

FEA

4.0

4.0

4.0

% Error

17.2

0.1

1.6

Experimental

484

487

485

FEA

485

482

480

% Error

0.2

0.9

0.9

Experimental

25.2

12.7

8.8

FEA (input)

25.2

12.7

8.8

% Error

0.0

0.0

0.0

Experimental

404

417

446

FEA

419

433

445

% Error

3.7

3.9

0.2

Experimental

20.5

14

7.8

FEA

21.01

15.11

11.68

% Error

2.5

7.9

49.7

Based on the summary shown in Table 6.1, it can be seen that aside from the displacement
at the yield load, the FEA results are within the accepted tolerance (<10%) of the
experimental result, for Group 1 specimens. Therefore, it was concluded that the developed
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model is capable of yielding accurate results for modelling test specimens with relatively
high internal pressure (Group 1 specimens).
6.2.2

Group 2 Specimens

As specified in Table 3.2, Group 2 consists of the following specimens: IP30WA10,
IP30WA8, and IP30WA4. Figure 6.7, Figure 6.8, and Figure 6.9 each compare the load vs.
global displacement behaviours of the experimental and simulated results of specimens
IP30WA10, IP30WA8, and IP30WA4 respectively. In a similar manner, Figure 6.10,
Figure 6.11, and Figure 6.12 each provide a visual comparison between the deformed
configurations of the tested specimens and the FEA models corresponding to IP80WA12,
IP80WA8, and IP80WA5 respectively.
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Figure 6.7: Comparison between Load vs. Displacement plots for Experimental and FEA results for
Specimen IP30WA10
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Figure 6.8: Comparison between Load vs. Displacement plots for Experimental and FEA results for
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Figure 6.9: Comparison between Load vs. Displacement plots for Experimental and FEA results for
Specimen IP30WA4
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Table 6.2: Summary of Experimental and FEA Results for Group 2 specimens

Specimen
IP30WA10 IP30WA8 IP30WA4

∆y
(mm)
Yield
Point
Py
(kN)

∆u
(mm)
Ultimate
Point
Pu
(kN)

∆m
(mm)
Maximum
Stroke
Point
Pm
(kN)

Wrinkle
h
Amplitude (mm)

Experimental

1.5

1.7

1.6

FEA

1.5

1.5

1.5

% Error

4.0

7.0

3.6

Experimental

523

528

526

FEA

513

516

515

% Error

1.9

2.3

2.0

Experimental

2.7

2.5

2.7

FEA

3.2

3.4

3.3

% Error

19.1

33.8

20.3

Experimental

541

540

543

FEA

543

547

546

% Error

0.5

1.3

0.6

Experimental

20.6

13.5

7.5

FEA (input)

20.6

13.5

7.5

% Error

0.0

0.3

0.0

Experimental

260

286

379

FEA

251

296

397

% Error

3.6

3.5

4.7

Experimental

16.5

13.0

7.0

FEA

17.0

13.3

8.4

% Error

2.8

1.9

19.4

According to the summary shown in Table 6.2, it can be seen that aside from the
displacement at the ultimate load, the FEA results are within the accepted tolerance (<10%)
of the experimental result, for Group 2 specimens. Therefore, it was concluded that the
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developed model is fully capable of yielding accurate results for modelling test specimens
with relatively low internal pressure (Group 2 specimens).
6.3

Stage 2 - Cyclic Pressure Fatigue Test

Test data belonging to the cyclic pressure fatigue testing stage (Stage 2) of the experimental
program was used to validate the cyclic response of the finite element model. To be more
exact, pressure-strain hysteresis loops obtained from the cyclic test data were compared
with the simulated (FEA) localized pressure-strain response at the wrinkle crest. It shall be
noted that due to the sharply curved surfaces (large curvature gradient) associated with the
wrinkle defects, strain data at the wrinkle apex was limited. To be more specific, typical
adhesive based strain gauges, which are intended to be installed on moderately flat surfaces
generally fail to adhere to surfaces with large curvature. Hence, test results used for
validation of Stage 2 of the model were obtained from the smallest wrinkle defect
belonging to this experimental program, namely specimen IP30WA4 of Group 2.
Figure 6.13 shows the pressure-strain hysteresis loops corresponding to specimen
IP30WA4. It is observed that the FEA result fairly depicts the large compressive plastic
strains at the wrinkle crest, associated with the initial pressure cycle. Afterwards, this
increase in the plastic strain diminishes, which resembles the behaviour observed
experimentally. It can be found that according to the experimental result, plastic strains
continue to increase with successive cycling; however, this increase is not reflected in the
FEA result since only ten (10) cycles were input into the numerical model. As mentioned
in Section 5.3.1.7, modelling a complete representation of the entire pressure cyclic test
would be impractical, in terms of computational resources. Hence, a conservative approach
of including the plastic strains associated with only the initial cycles was taken, which
consequently would give rise to a relatively sharper wrinkle defect, in comparison to the
actual wrinkle defect from the experimental program.
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Figure 6.13: Comparison between Pressure-Strain Hysteresis Loops for Experimental and FEA results for
Specimen IP30WA4

6.4

Summary

To summarize, it can be concluded based on the results presented in this chapter that the
developed FEA model is capable of simulating the highly complicated plastic strain history
arising with the wrinkle initiation process and the cyclic pressure fatigue loading.
Specifically, the comparisons show that the results obtained from the FEA model are within
acceptable tolerance, given the previously discussed assumptions and considerations.
Hence, it is concluded that this model is suitable to be used to numerically quantify the
concentration of stresses within the wrinkle defect; discussed in the following chapter.
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7.

STRESS-LIFE FATIGUE ASSESSMENT

7.1

General

As briefly mentioned in Chapter 1, wrinkled pipes possess significant ductility reserve even
after the formation of a wrinkle defect, and do not pose an immediate threat of failure [3].
However, wrinkle defects are highly susceptible to fatigue failure, due to the localization
of stresses within the wrinkled region. A stress concentration (often referred to as a stress
riser) is the term used to describe the location within an object where stresses become
concentrated. Stress risers can originate due to several reasons; including but not limited
to discontinuity in the applied loading (such as a concentrated load), or material
discontinuities which may be an inevitable outcome from the manufacturing process, such
as stress concentrations arising in welded connections. Furthermore, abrupt changes within
the geometry such as the wrinkle profile may also give rise to stress concentrations. Certain
stress risers such as cracks, sharp corners or holes can be quantified by the use of analytical
solutions; whereas complex stress risers are normally quantified by the use of numerical
methods.
The purpose of this chapter is to numerically quantify the stress concentrations arising
within wrinkle defects subjected to internal pressure loading, which are geometrically
representative of those examined in the experimental program. These numerically
established stress concentration factors (SCFs) will be compared to stress concentration
factors established based on the fatigue results discussed in Chapter 4, by employing the
use of a stress-life fatigue analysis.
7.2

Concept of Stress-Life Approach

Established in the mid-1800s, the stress-life approach (also commonly referred to as the
S-N method) was the first approach used to understand metal fatigue and continues to
remain as a preferred method of fatigue analysis and design of high cycle fatigue (HCF)
applications. High cycle fatigue is the terminology used to characterize cyclic loading
conditions in which the arising stresses are primarily within the elastic range of the
material. In comparison, low cycle fatigue (LCF) is the terminology used to describe
conditions in which cyclic loading results in arising strains which possess a significant
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plastic component. The stress-life approach which given provides an effective method for
examining fatigue arising due to high cycle loading conditions, fails to accurately
characterize fatigue arising due to low cycle loading. In this case, a strain-based approach
is regarded to be more appropriate. Although the transition between LCF and HCF is
established based on the stress levels and the arising strains, which is highly dependent on
the material being considered, it is regarded as this transition usually falls within the range
of 10 to 105 cycles [49]. Alternatively, it is regarded that fatigue failure arising from 1 to
103 cycles is generally classified as LCF, whereas, failure corresponding to stress cycles
greater than 103 cycles is considered as HCF [60].
Structures or mechanical components may be subjected to a broad range of complex
repeated loading histories leading to failure as a result of fatigue; however,
constant-amplitude cyclic loading is generally the most basic type of cyclic loading.
Constant-amplitude (CA) cyclic loading is defined as cyclic loading with a constant stress
range (𝜎𝑟 ), or constant stress amplitude (𝜎𝑎 ). As shown in Equation (7.1), the stress range
is algebraically defined as the difference between the maximum stress (𝜎𝑚𝑎𝑥 ) and
minimum stress (𝜎𝑚𝑖𝑛 ). Similarly, as shown in Equation (7.2), the stress amplitude is
equivalent to one-half of the stress range.
𝜎𝑟 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛
𝜎𝑎 =

𝜎𝑟 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛
=
2
2

(7.1)

(7.2)

The basis of the stress-life approach is fatigue test data which is obtained by subjecting
identical test specimens to varying alternating stresses until failure occurs within each
specimen. The graphical representation of the corresponding alternating stress versus the
cycle count to failure (𝑁𝑓 ) is referred to as the S-N or Wöhler diagram, named after German
railway engineer, August Wöhler. In most typical circumstances, S-N fatigue test data is
generally established based on fully-reversed loading, giving rise to fully-reversed stresses.
Fully-reversed loading conditions indicate that the cyclic loading is alternating about a zero
mean stress; where the mean stress (𝜎𝑚 ) is defined as the average of the maximum and
minimum stresses, as shown in Equation (7.3).
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𝜎𝑚 =

𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛
2

(7.3)

Aside from fully-reversed loading conditions (shown in Figure 7.1(a)), other cyclic loading
conditions can arise in which the mean stress is non-zero. Figure 7.1(b) and Figure 7.1(c)
both depict cyclic loading conditions where the arising stresses alternate about a non-zero
mean stress. As previously mentioned, fatigue data expressed in the form of S-N curves
are normally obtained based on fully-reversed loading conditions. In HCF, non-zero mean
stresses can have a significant effect on the fatigue response of a material, as non-zero
mean stresses govern the opening and closing states of micro-cracks within a component.
It is regarded that tensile mean stresses are unfavourable in terms of the fatigue strength,
as they are responsible for accelerating the rate of crack propagation by encouraging the
opening of micro-cracks. Contrarily, compressive mean stresses are favourable in terms of
the fatigue strength, as they are responsible for reducing the rate of crack propagation by
closing micro-cracks within a component. Several empirical models by Gerber (1874),
Goodman (1899), Haigh (1917), and Soderberg (1930) have been developed, in order to
account for the tensile mean stress effects on the fatigue response of a material. The
objective of each of these models is to convert stresses alternating about a non-zero mean
stress to an equivalent fully-reversed stress (𝜎𝑟𝑒𝑣−𝑒𝑞 ) and hence, allow for an approach to
establish the fatigue life of a component, based on fatigue data expressed in the form of an
S-N curve.
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(a) Fully-Reversed Stresses

(b) Pulsating Stresses (σmin = 0)

(c) Non-zero Mean Stresses (σm ≠ 0)
0) Stress Histories [60]
Figure 7.1: Typical Cyclic

Depending on the intended circumstances, the stress-life approach is commonly employed
in three different methods. Firstly, for preliminary and prototype designs, certain
components may be designed to prevent fatigue failure by avoiding the possibility of crack
initiation. To be more exact, a component may be designed such that all arising stresses
are below the fatigue limit (𝜎𝑒 ). Also commonly referred to as the endurance limit or
fatigue strength, the fatigue limit is defined as the maximum value of fully-reversed
stresses which a material can withstand indefinitely, without exhibiting fatigue failure. The
fatigue limit is generally established by examining the point on an S-N curve at which the
curve becomes perfectly horizontal, commonly referred to as the “knee”. Components
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which are designed to operate at stresses below the endurance limit prevent the possibility
of HCF, by circumventing crack initiation, which is considered as the first stage of fatigue
failure. The second method of employing the stress-life approach is to evaluate the
maximum value of fully-reversed stresses which a material can withstand, for an intended
number of cycles before failing due to fatigue. To be more exact, certain components may
not require the need to be designed with infinite fatigue life. Rather, components may be
designed to operate at stresses less than or equal to a fully-reversed stress amplitude (𝜎𝑟𝑒𝑣 ),
which may undergo a maximum number of cycles (𝑁𝑓 ) until failure occurs. The Basquin
relation which is shown in Equation (7.4) is widely used to represent a typical S-N curve,
which can be used to establish the maximum allowable fully-reversed stress, given the
intended fatigue life in terms of the number of cycles (𝑁𝑑𝑒𝑠𝑖𝑔𝑛 ).
𝜎𝑟𝑒𝑣 = 𝜎 ′𝑓 (2𝑁𝑑𝑒𝑠𝑖𝑔𝑛 )𝐵 = 𝑎(𝑁𝑑𝑒𝑠𝑖𝑔𝑛 )𝑏

(7.4)

where,
𝜎′𝑓

= Fatigue strength coefficient

B

= Fatigue strength exponent

Lastly, certain circumstances can arise in which components may undergo stresses beyond
the originally intended design stresses. Hence, it may be necessary to evaluate the
maximum fatigue life (𝑁𝑓 ), based on the maximum predicted stresses at these locations. In
this case, provided the fully-reversed stresses (𝜎𝑟𝑒𝑣 ) arising at the fatigue initiation sites
are known, the number of cycles to failure can be expressed as shown in Equation (7.5).
1/𝐵

1 𝜎𝑟𝑒𝑣
𝑁= ( ′ )
2 𝜎𝑓

7.3

𝜎𝑟𝑒𝑣 1/𝑏
=(
)
𝑎

(7.5)

Concept of Stress Concentration Factors

Theoretical stress concentration factors (𝐾𝑡 ) are used to relate the peak local stress at the
site of stress discontinuity (𝜎𝑝𝑒𝑎𝑘 ), to the nominal stresses expected in the absence of a
stress riser (𝜎𝑛𝑜𝑚 ). These factors can be expressed, as shown in Equation (7.6).
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𝐾𝑡 =

𝜎𝑝𝑒𝑎𝑘
𝜎𝑛𝑜𝑚

(7.6)

It is theoretically expected that based on the same high cycle fatigue life, the nominal
strength of a smooth component should be greater than that within a notched component,
by a magnitude of 𝐾𝑡 . However, test data obtained by Tryon and Dey [61] indicates the
reduction in the fatigue strength of a smooth component and a notched component is
equivalent to a factor 𝐾𝑓 , and not the factor 𝐾𝑡 . The 𝐾𝑓 factor, commonly referred to as the
fatigue strength reduction factor is used to account for the effect of stress discontinuities,
in the stress-life approach. In comparison to the theoretical stress concentration factor (𝐾𝑡 ),
which is solely dependent on the geometry and mode of loading, the fatigue strength
reduction factor (𝐾𝑓 ), is also dependent on the material type. The fatigue strength reduction
factor (𝐾𝑓 ) can be empirically related to the theoretical elastic stress concentration factor
(𝐾𝑡 ) by the use of the notch sensitivity factor (q), as shown in Equation (7.7).
𝐾𝑓 = 1 + 𝑞(𝐾𝑡 − 1)

(7.7)

It is given that when the notch sensitivity factor 𝑞 = 1, 𝐾𝑓 = 𝐾𝑡 , and hence, the material is
considered to be fully sensitive to the stress discontinuity. Conversely, when the notch
sensitivity factor 𝑞 = 0, 𝐾𝑓 = 1, and hence, the material is considered to be completely
unresponsive to the stress discontinuity. In the absence of this parameter, it was assumed
the notch sensitivity factor was equivalent to one. This implied that 𝐾𝑓 = 𝐾𝑡 , and hence,
giving rise to the inference that the fatigue strength reduction factor is fully sensitive to the
theoretical stress concentration factors evaluated at the wrinkle crest. This approach is
considered to yield conservative results and has been employed in previous studies
evaluating stress concentration factors arising within dent defects, subjected to cyclic
internal pressure [35]–[39].
The following sections describe the methodology used to quantify the theoretical stress
concentration factors evaluated using numerical and experimental methods, and the
corresponding results. Furthermore, a brief discussion is followed which summarizes the
differences between both methods.
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7.3.1

Quantification of SCFs using Numerical Methods

In order to establish the orientation of stress concentrations which initiate fatigue cracks,
the concept of fracture mechanics and crack growth modelling was employed. Fracture
mechanics, which is the study of the propagation of cracks in materials is typically
classified into three modes: Mode I, Mode II, and Mode III, which are also referred to as
the opening mode, sliding mode, and tearing mode, respectively. The mixed-mode (which
can arise in multi-axial loading conditions) is the combination of two or three modes of the
previously described primary modes. Several theories have been proposed for mixed-mode
crack problems that describe the progression of crack growth; including but not limited to
one based on the maximum principal stress by Erdogan and Sih [62], and one based on
strain-energy-density factor proposed by Sih [63]. For the purpose of this study, all stress
concentration factors evaluated in this numerical study were based on the maximum
principal stress criterion.
The maximum principal stress criterion suggests that a crack will propagate in a direction
perpendicular to the maximum tensile principal stress. Principal stresses are defined as the
maximum normal stress an element can undergo, where the shear stress component is
equivalent to zero. Figure 7.2 shows typical FEA results of the maximum principal stresses
on both the external and internal pipe surfaces, following the elastic analysis simulating
the post-elastic shakedown condition of specimen IP80WA12. It can be found that the
maximum tensile principal stresses are oriented circumferentially, at the inside surface of
the apex of the wrinkle. These results are in agreement with the conclusions made based
on the observations of the experimental results discussed in Chapter 4; further confirming
that fatigue cracks initiate from the inside surface while propagating towards the exterior
surface of the pipe, eventually leading to the failure of the specimen.
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Figure 7.2: Typical FEA Results of Maximum Principal Stresses on External and Internal Pipe Surface
after Elastic Analysis (Specimen IP80WA12)

Furthermore, a comparison between both the maximum principal tensile stresses and the
longitudinal stresses revealed nearly identical results at the inside surface of the apex of
the wrinkle. Figure 7.3 shows typical contour maps of the maximum principal stresses and
longitudinal stresses after the elastic analysis of Specimen IP80WA12. Figure 7.4 shows a
comparison of both the maximum principal stresses and the longitudinal stresses, as a
function of the axial position along the wrinkle profile. It can be seen from both of these
figures that there exists a region near the immediate vicinity of the apex of the wrinkle
where both of these stresses are equivalent. This result suggests that pressure cycle induced
fatigue cracks are a result of localized longitudinal stress concentration, at the internal face
near the immediate vicinity of the apex of the wrinkle. Thereby, justifying the
quantification of stress concentration factors as the ratio of the peak longitudinal stresses
along the wrinkle profile, and the nominal longitudinal stress within the pipe, both induced
as a result of the applied internal pressure discussed in Chapter 5. By employing the
mathematical definition of theoretical stress concentration factors shown in Equation (7.6),
stress concentrations arising as a result of the applied internal pressure (𝑝𝑖 ) can be
expressed as shown in Equation (7.8).
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(a) Max Principal Stress Contour

(b) Longitudinal Stress Contour

Figure 7.3: Typical FEA Results of Maximum Principal Stresses and Longitudinal Stresses on Internal Pipe
Surface after Elastic Analysis (Specimen IP80WA12)
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Figure 7.4: Typical FEA Results of Maximum Principal Stress and Longitudinal Stress on Internal Pipe
Surface along Wrinkle Profile (Specimen IP80WA12)

𝐾𝑡,𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙−𝐹𝐸𝐴 =

𝜎𝑙,𝑝𝑒𝑎𝑘 𝜎𝑙,𝑝𝑒𝑎𝑘−𝐹𝐸𝐴
=
𝑝𝑖 𝑟
𝜎𝑙,𝑛𝑜𝑚
2𝑡
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(7.8)

In addition to Specimen IP80WA12, the previously described procedure along with
Equation (7.8) were both used to quantify longitudinal stress concentrations, arising in each
of the specimens belonging to the experimental program. These results are summarized in
Table 7.1. Figure 7.5 and Figure 7.6 show plots of the longitudinal stress concentration
factors on the inside surface of the pipe, as a function of the position along the wrinkle
profile, for Group 1 and Group 2 specimens respectively. Based on both of these figures,
it can be found that maximum tensile stress concentrations arise at the wrinkle crest,
whereas maximum compressive stress concentrations arise at the wrinkle toe. Additionally,
as expected, both of these figures reveal larger SCFs in the specimens with the largest
wrinkle amplitude (specimens IP80WA12 and IP30WA10). This observation is in
agreement with the experimental results, which further confirms the notion that an increase
in wrinkle amplitude leads to a reduction in fatigue life, due to increased longitudinal stress
concentrations at the apex of the wrinkle.
Table 7.1: Summary of Maximum Longitudinal SCFs using Numerical Methods

Specimen

Nominal
Peak
Stress
Longitudinal
Longitudinal
Concentration
Stress, σl, nom Stress, σl, peak-FEA
Factor,
(MPa)
(MPa)
Kt, longitudinal-FEA

IP80WA12

13.4

115.3

8.6

IP80WA8

13.4

74.0

5.5

IP80WA5

13.4

36.7

2.2

IP30WA10

13.4

111.2

8.3

IP30WA8

13.4

99.1

7.4

IP30WA4

13.4

39.5

2.9
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Figure 7.5: Longitudinal SCFs on Internal Pipe Surface along Wrinkle Profile for Group 1 Specimens
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Figure 7.6: Longitudinal SCFs on Internal Pipe Surface along Wrinkle Profile for Group 2 Specimens
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7.3.2

Quantification of SCFs using Experimental Methods

In addition to the previously discussed longitudinal SCFs which were quantified using
numerical methods (FEA), SCFs were also quantified based on the fatigue results discussed
in Section 4.3.1, by employing the stress-life approach. Experimentally derived
longitudinal SCFs (𝐾𝑡,𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙−𝐸𝑋𝑃 ) were quantified as the ratio of the maximum
fully-reversed stress amplitude required to initiate a fatigue crack (𝜎𝑟𝑒𝑣−𝑒𝑞,𝑚𝑎𝑥 ), and the
equivalent fully-reversed stress amplitude corresponding to the applied loading conditions
(𝜎𝑟𝑒𝑣−𝑒𝑞,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ), as shown in Equation (7.9).
𝐾𝑡,𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙−𝐸𝑋𝑃 =

𝜎𝑟𝑒𝑣−𝑒𝑞,𝑚𝑎𝑥
𝜎𝑙,𝑚𝑎𝑥
=
𝜎𝑙,𝑛𝑜𝑚 𝜎𝑟𝑒𝑣−𝑒𝑞,𝑛𝑜𝑚𝑖𝑛𝑎𝑙

(7.9)

To be more exact, the maximum fully-reversed stress amplitude was established using an
S-N curve, where this stress amplitude corresponded to the maximum number of
experimentally observed pressure cycles to cause failure (𝑁𝑓 ) within each of the test
specimens. As mentioned in Chapter 4, the pressure cycle induced fatigue cracks were
oriented circumferentially, at the apex of the wrinkle. Given that a crack will propagate in
a direction perpendicular to the maximum tensile principal stress (maximum principal
stress criterion), it was assumed the established fully-reversed stresses were oriented
perpendicular to the direction of the fatigue cracks, and thereby establishing these stresses
are oriented in the longitudinal direction. In the absence of fatigue test data of the tested
pipe specimens, two different approximation methods were employed to establish the S-N
curve. Specifically, the SAE Fatigue Design Handbook [64] and Bannantine et al [49]
provide methods based on the Basquin relationship, shown in Equation (7.4) where the
material constants are established based on uniaxial tension test data. These approximation
methods were programmed using MATLAB, a numerical computing environment.
Specific details of the employment of these methods and all relevant assumptions have
been included in Appendix D. Figure 7.7 shows the established S-N curves corresponding
to both approximation methods. It can be observed that both methods are in agreement with
each other, hence, confirming the validity of this approximation. It was found that SCFs
which were quantified using the S-N curve based on the SAE method yielded results which
were in closer agreement to the SCFs established based on the FEA results. Hence, all
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SCFs established using experimental methods were based on S-N curve data, approximated
using the method described in the SAE Fatigue Design Handbook [64].

Figure 7.7: Approximated S-N curve for API 5L X42 pipe material

The equivalent fully-reversed stress amplitude corresponding to the applied loading
conditions was established based on the nominal longitudinal stresses, arising due to the
applied maximum internal pressure (𝑝𝑚𝑎𝑥 ) and minimum internal pressure (𝑝𝑚𝑖𝑛 ) cycled
during the pressure cycle fatigue tests. Specifically, maximum and minimum nominal
longitudinal stresses were established based on the theoretical longitudinal stresses arising
in an unrestrained pipe with an inner radius (𝑟𝑖 ) and wall thickness (𝑡) subjected to internal
pressure (𝑝𝑖 ), as shown in Equations (7.10) and (7.11) respectively.
𝜎𝑙,𝑚𝑎𝑥 =

𝑝𝑚𝑎𝑥 𝑟𝑖
2𝑡

(7.10)

𝜎𝑙,𝑚𝑖𝑛 =

𝑝𝑚𝑖𝑛 𝑟𝑖
2𝑡

(7.11)
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Non-zero mean stress correction models (discussed in detail in Section 7.2) were employed
in this analysis, in order to account for the non-zero mean stress effects arising due to the
tensile nominal longitudinal stresses. Four different correction models were used to
establish fully-reversed stress amplitudes, equivalent to the longitudinal non-zero mean
stresses. More precisely, the Goodman (1899) model, Soderberg (1930) model,
ASME-elliptic (1985) model and Gerber (1874) model were applied as shown in Equations
(7.12), (7.13), (7.14), and (7.15) respectively.
𝜎𝑟𝑒𝑣−𝑒𝑞,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 (𝐺𝑜𝑜𝑑𝑚𝑎𝑛) =

𝜎𝑎
𝜎
1 − 𝜎𝑚
𝑢𝑙𝑡

(7.12)

𝜎𝑎
𝜎
1 − 𝜎𝑚
𝑦

(7.13)

𝜎𝑟𝑒𝑣−𝑒𝑞,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 (𝑆𝑜𝑑𝑒𝑟𝑏𝑒𝑟𝑔) =

𝜎𝑎

𝜎𝑟𝑒𝑣−𝑒𝑞,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 (𝐴𝑆𝑀𝐸−𝑒𝑙𝑖𝑝𝑡𝑖𝑐) =

𝜎 2
√1 − ( 𝑚 )
𝜎

(7.14)

𝑦

𝜎𝑟𝑒𝑣−𝑒𝑞,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 (𝐺𝑒𝑟𝑏𝑒𝑟) =

𝜎𝑎
𝜎 2
1 − (𝜎 𝑚 )
𝑢𝑙𝑡

where,
𝜎𝑎

= Stress amplitude, as shown in Equation (7.2)

𝜎𝑚

= Mean stress, as shown in Equation (7.3)

𝜎𝑢𝑙𝑡

= Ultimate tensile strength (taken as 381 MPa)

𝜎𝑦

= Yield strength (taken as 315 MPa)

Table 7.2 provides a summary of the analysis, corresponding to each of the test
specimens in the experimental program.
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(7.15)

Table 7.2: Summary of Maximum Longitudinal SCFs using Experimental Methods

σrev-eq, σrev-eq, σrev-eq, σrev-eq,
Specimen

pmax

pmin

σl, max σl, min σa

σm

nominal

nominal

Goodman Soderberg

(psi)

(MPa) (psi) (MPa)

(MPa)

(MPa)

(MPa) (MPa)

IP80WA12 1520 10.5 165 1.1

124

13

55

IP80WA8 1513 10.4 130 0.9

123

11

IP80WA5 1537 10.6 147 1.0

125

IP30WA10 1516 10.4 142 1.0

nominal

nominal

ASME

Gerber

σrev-eq
N

(max)

Kt,

Kt,

Kt,

Kt,

Goodman Soderberg ASME Gerber

(MPa)

(MPa)

(MPa)

(MPa)

69

67

71

57

57

6754

302

4.48

4.28

5.34 5.29

56

67

68

72

58

58

19898

273

4.00

3.82

4.74 4.70

12

57

69

69

72

58

59

107697 234

3.39

3.23

4.03 4.00

124

12

56

68

68

71

57

58

3268

323

4.75

4.53

5.64 5.59

IP30WA8 1546 10.7 163 1.1

126

13

56

70

69

72

58

58

6455

303

4.40

4.19

5.25 5.20

IP30WA4 1588 11.0 133 0.9

129

11

59

70

73

76

61

61

40315

256

3.52

3.36

4.21 4.17
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(MPa)

7.3.3

Comparison of Results

Based on a preliminary comparison between the SCFs quantified using both the previously
discussed numerical and experimental methods, it can be seen that SCFs established using
the ASME-elliptic mean stress correction model provides the closest results which are in
agreement with the numerically quantified SCFs. Similarly, it can also be found that the
Gerber model yields similar results, whereas both the Goodman and Soderberg mean stress
correction models tend to yield relatively conservative results. Both the ASME-elliptic and
the Gerber models differ from the Goodman and Soderberg models, in that they represent
the failure line as an ellipse and as a quadratic curve respectively. Of these four models
employed in this analysis, it is regarded that the ASME-elliptic model and Gerber model
are relatively more accurate; as they provide a better fit for the mid-range tension data, in
comparison to the Goodman and Soderberg models, which are based on a linear
relationship. Hence, only experimentally quantified SCFs established using the
ASME-elliptic mean stress correction model will hereby be included in the following
discussion.
Figure 7.8 shows a comparison between the numerically and experimentally quantified
SCFs, corresponding to each of the test specimens belonging to the experimental program.
It can be found that aside from specimens IP80WA5 and IP30WA4, SCFs quantified
numerically are conservative in comparison to experimentally quantified SCFs. Recalling
from Section 4.3.1, specimen IP80WA5 did not fail due to a fatigue crack within the
wrinkle. Rather, failure occurred as a result of a fatigue crack within the toe of the weld
adjoining the pipe specimen to the adjacent endplate. Hence, it is believed that the cycle
count corresponding to the cyclic pressure fatigue test of this specimen is not a true
depiction of the fatigue strength of the wrinkle defect, but rather establishes its
corresponding lower limit. It is expected that rewelding this specimen to the adjoining
endplate, and resuming the cyclic pressure fatigue test would reveal that this specimen
could undergo successive cycles, eventually leading to failure within the wrinkle. In a
similar manner, subsequent to the wrinkle initiation stage, careful examination of specimen
IP30WA4 revealed indications of asymmetry, in terms of the wrinkle profile. To be more
exact, upon fully unloading this specimen, it was observed the wrinkle amplitude
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measurements obtained on opposite sides of the pipe were not in agreement. Rather, the
wrinkle profile was larger, in comparison to the adjacent side 180 degrees away from the
initial measurement. This observation gives rise to the suspicion that non-axisymmetric
loading could have introduced eccentricity, thereby leading to premature fatigue failure
within the wrinkle defect at the location where the wrinkle was the largest. Hence, it is
presumed experimentally established SCFs corresponding to both of these specimens may
potentially be inaccurate, and thus, no conclusions are drawn in regards to comparisons
corresponding to both of these specimens.
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Figure 7.8: Comparison between SCFs quantified using Numerical and Experimental Methods

As previously mentioned in Section 5.3.2, the post-elastic shakedown condition arising
from the cyclic pressure fatigue tests could have been modelled by including another step
within the numerical (FEA) model simulating the wrinkle initiation stage. Rather, orphan
meshes corresponding to the deformed geometry of the fully unloaded pipe specimens were
used as the initial geometry of the pipe, in the subsequent model to numerically establish
the SCFs. This was done deliberately, in order to ignore the effects of residual stresses
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arising due to the wrinkle formation from Stage 1. To be more exact, orphan meshes
contain no feature information in regards to the stress state at the instance they are extracted
from the results; but rather, they are a collection of nodes and elements depicting the
deformed geometry of the part being examined. Using orphan meshes as the initial
geometries of the pipes in the subsequent model provided an approach to completely ignore
the effects of any terminating stresses, such as residual stresses which may have been
present upon unloading the pipe. Residual stresses are stresses that remain within the
structure, after the original source of the applied stresses (external loading) has been
removed, and thereby completely unloading the structure. Figure 7.9 shows a plot of the
arising longitudinal stresses in the wrinkle initiation stage of the numerical model (Stage 1)
on the interior face of the apex of the wrinkle, as a function of the applied axial load.
Figure 7.10 shows a typical contour map of the longitudinal stresses on the inside surface
of the fully unloaded pipe specimen. Both Figure 7.9 and Figure 7.10 confirm the presence
of compressive residual stresses in the longitudinal direction, following the wrinkle
initiation stage. It is regarded that while tensile residual stresses are detrimental to the
fatigue life as they encourage crack growth, compressive residual stresses are favourable
in terms of fatigue life, as they reduce the likelihood of crack initiation [49]. It was
recognized that neglecting the effects of compressive residual stresses within the pipe
specimen following the wrinkle initiation stage, simplified the quantification of the SCFs
based on the numerical result, and therefore, justifying this approach. Hence, it is believed
this simplification may have been the source of the relatively conservative SCFs quantified
using numerical methods, in comparison to the SCFs quantified based on the experimental
results.

146

Longituindal Stress (MPa)

("-" = Compressive Stresses, "+" = Tensile Stresses)

800

1. Pressurize
Pipe

600
2. Axial Load
(to Ultimate
Load)

400

4
200
0

3. Axial Load
(beyond
Ultimate
Load)
4. Unload
Axial Load

1

2
-200

5
-400

3

5. Unload
Pressure

-600
0

200

400

600

Axial Load (kN)
Figure 7.9: Typical FEA Result depicting the progression of Longitudinal Stresses in Stage 1 (Specimen
IP80WA12)

Figure 7.10: Typical FEA Contour Map of Longitudinal Stresses within Unloaded Pipe (Specimen
IP80WA12)

7.4

Significance of SCFs

Stress concentration factors (SCFs) are particularly important in fatigue analysis as they
provide a method to quantify the effects of a stress riser, based on the applied loading
conditions. As previously mentioned, structures may be subjected to a wide range of
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complex loading histories which may lead to failure as a result of fatigue. Recalling from
Section 2.4.1, oil pipelines are commonly subjected to complex cyclic pressure loading,
typically as a result of pressure fluctuations associated with normal pipeline operations. In
this case, SCFs can be used to quantify stresses in mechanical defects (such as wrinkles),
arising as a result of these pressure fluctuations; ultimately, providing a method to estimate
the remaining fatigue life of the defective pipeline segment.
In cases of constant-amplitude cyclic loading (as was the case in the experimental
program), SCFs can be used directly to establish the maximum and minimum alternating
stresses. However, in most service loading histories (as in the case of pressure fluctuations
in pipelines), the loading histories generally have a variable or random stress amplitude. In
this case, cycle counting methods are commonly used in conjunction with cumulative
damage models, to evaluate the cumulative fatigue damage. To be more exact, the
rain-flow counting technique is a method to reduce a spectrum of varying stresses, into
equivalent sets of constant-amplitude stress reversals. The established SCFs can then be
used to quantify the arising stresses, corresponding to each set of stress reversals. After
this, cumulative damage models, such as the Palmgren-Miner damage model can be used,
to establish the cumulative fatigue damage during the crack initiation phase of fatigue
failure. The Palmgren-Miner damage model is a linear cumulative fatigue damage model,
which is widely used due to its simplicity. According to this model, a specimen subjected
to k different stress levels (established using a cycle counting method), and the number of
cycles to failure at the ith stress, 𝑆𝑖 , is 𝑁𝑖 , then the damage fraction (𝑑) can be defined as
shown in (7.16). In general, failure is assumed to occur when the damage fraction (𝑑)
reaches 1.
𝑘

𝑑=∑
𝑖=1

𝑛𝑖
𝑁𝑖

(7.16)

where,
𝑛𝑖

= number of cycles accumulated at stress Si

𝑑

= fraction of life consumed by exposure to the cycles at the different

stress levels
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7.5

Summary

To summarize, it can be concluded that the concept of HCF provides a suitable method for
fatigue life analysis of steel pipelines with wrinkle defects, subjected to cyclic internal
pressure. To be more exact, it is demonstrated that a validated finite element model can be
used to quantify stress concentration factors, which can then be used to estimate the
remaining life of wrinkle defects with a wide range of wrinkle amplitudes. It shall be noted
the undertaken methodology to numerically quantify SCFs consisted of several
approximations, in order to simplify the analysis; such as neglecting the effects of
compressive residual stresses introduced as a result of the wrinkle initiation stage and
assuming the notch sensitivity factor as unitary. It has been shown that these
approximations yield results which are conservative in comparison to the results obtained
from experimental methods, and thereby justifying these approximations to be suitable.
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8.

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8.1

General

The purpose of this chapter is to summarize the undertaken research, provide conclusions
based on the work which has been completed within the scope of this thesis and provide
recommendations that may be considered in regards to future research.
8.2

Summary

It has been established based on field observations of buried oil and gas pipelines that large
geotechnical movements can cause the development of a wrinkle defect within the pipe
wall. It is understood based on previous research that the formation of a wrinkle defect
alone, does not pose any immediate threat to the safety and integrity by continued operation
of the defective pipeline segment [53]. However, it is also understood that wrinkle defects
subjected to continuous stress reversals are highly susceptible to fatigue failure. Stress
reversals within pipelines can be introduced due to several different reasons, including but
not limited to pressure fluctuations arising as a result of typical pipeline operations. As a
result, this research program was initiated with the intention to understand pressure cycle
induced fatigue failure of wrinkled pipelines and to quantify the magnitude of
stress-reversals within the wrinkled pipes, based on a wide range of wrinkle geometries.
As a first step towards understanding the failure mode of pressure cycle induced fatigue
within wrinkled pipes, a full-scale multi-stage experimental test program was undertaken.
Nine full-scale tests (including two trial tests and one inconclusive test) with two different
internal pressures of 0.8𝑝𝑦 and 0.3𝑝𝑦 were carried out to develop test specimens with
wrinkles of varying profiles. The loading conditions in Stage 1, applied to the test
specimens to initiate the wrinkle defects replicated (i) the axial loads imparted due to
geotechnical slope movements, or a temperature differential of 45°C, and (ii) varying
operating internal pressures along a line pipe. Afterwards, each of the wrinkled specimens
were then subjected to a constant-amplitude pressure cyclic loading, ranging from 0.1𝑝𝑦 to
0.8𝑝𝑦 , which is equivalent to 191 psi (1.32 MPa) and 1527 psi (10.5 MPa) respectively.
The cyclic loading conditions in Stage 2, applied to the wrinkled test specimens to initiate
a fracture replicated the magnitude of typical internal pressure fluctuations within

150

pipelines, such as start-stop operations.
The results established from both stages of the experimental work provided data towards
the understanding of the failure of wrinkled pipes undergoing stress reversals, as a result
of pressure fluctuations. Test results from Stage 1 included both the global and local
deformational response of the pipe specimens, under combined axial compressive loading
and internal pressure. Correspondingly, test results from Stage 2 included the fatigue test
results (i.e. cycle count till failure), a discussion in regards to the evolution of longitudinal
strains, and a discussion of relevant consistencies observed upon the completion of the
tests.
Upon completing the experimental program, a multi-stage finite element (FE) model was
developed using ABAQUS, to numerically simulate the behaviour of the six pipe
specimens. The primary objective of producing the FE model was to develop a numerical
tool that could be used to quantify the magnitude of pressure cycle induced stress reversals.
To be more exact, the purpose of developing the FE model was to numerically establish
stress concentration factors (SCF), corresponding to the geometric profile of each of the
test specimens. Test data established from the experimental program was used to validate
the model and confirm it was capable of appropriately reproducing the experimental test
results. Upon validation, a stress-life fatigue assessment based on the HCF theory was
undertaken. Several assumptions and approximations were introduced, in an effort to
simplify the analysis. Based on a comparison of SCF results obtained using both
experimental and numerical methods, it is understood that the employed methodology is
conservative, in comparison to SCF results based on experimental test results.
8.3

Conclusions

Several conclusions based on the results obtained from the experimental program and the
numerical simulation were established upon the completion of this research program,
which are briefly highlighted as follows:
1. An increase in wrinkle amplitude leads to a reduction in fatigue life, due to
increased longitudinal stress concentrations.
2. Wrinkle defects that initiate in pipelines which are either (i) operating at low
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pressure or (ii) which are temporarily shutdown are more susceptible to fatigue
failure. To be more precise, it was observed the presence of internal pressure
reduces longitudinal stress concentrations by reducing the rapid change in curvature
at the apex (crest) of the wrinkle; and hence is favourable in terms of the fatigue
life.
3. Pressure cyclic loading causes increasing compressive plastic strains at the exterior
face of the wrinkle crest, which eventually diminish due to an elastic shakedown
material response. In a similar manner, results based on the FEA model indicate
pressure cyclic loading causes an increase in tensile strains at the interior face of
the wrinkle crest.
4. Longitudinally oriented stress concentrations localized at the wrinkle crest lead to
circumferentially oriented fatigue cracks. This conclusion is further substantiated
based on the results from the FEA model, which suggests equivalent maximum
principal stresses and longitudinal stresses in the immediate vicinity of the wrinkle
apex (crest).
5. Fatigue cracks initiate from the inside of the pipe wall where longitudinal tensile
stresses become concentrated. Upon crack initiation, continued stress reversals
encourage crack propagation outwards through the pipe wall; ultimately, leading to
fatigue failure as a result of sudden rupture.
6. The applied stress-life approach is capable of providing a conservative estimate, in
predicting the residual life (number of cycles) of a wrinkled pipe segment subjected
to cyclic pressure loading.
7. It is inferred that the established SCFs can be employed to conservatively estimate
fatigue failure, arising as a result of a wide spectrum of pressure cyclic loading
histories, using a variable amplitude fatigue methodology (i.e. cycle counting and
cumulative damage models).
8.4

Recommendations

This research provided a number of significant developments in regards to the objectives
of this project. To the best of the author’s knowledge, this research is amongst one of the
few of its kind, and only a few documented research works have been so far completed. In
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order to achieve confidence in the understanding of pressure cycle induced fatigue failure
of wrinkled pipes, further research is recommended, while taking the following
recommendations into consideration:
1. Additional experimental work and/or FE analyzes are recommended to examine the
influence of pipe properties belonging to the test specimens; including but not
limited to:
a. Material Properties (API 5L X42, X46, X52, X56, X60, X65, X70, X80)
b. Geometric Properties (diameter, wall thickness)
c. Wrinkle Geometry (ℎ/𝐷𝑜 ≤ 4% for large pipes NPS30)
d. Other Monotonic and Cyclic Pressure Load Histories
e. Boundary Conditions (Restrained Piping)
2. A new test setup to consider non-axisymmetric wrinkle defects. To be more
specific, orientating the pipe specimen such that the seam weld is along the neutral
axis of the pipe, to examine the influence of wrinkle defects without the presence
of the seam weld.
3. An enhanced material model considering the effects of cyclic hardening could be
defined into the FE model; including but not limited to the kinematic hardening or
combined isotropic-kinematic hardening models. Doing so may improve the
accuracy of the model results by improving the material definition within the cyclic
stage of the simulation.
4. The experimentally derived SCF were established using S-N curves generated
based on approximation methods. The accuracy of these SCF could be improved
by, conducting an additional experimental program to evaluate the exact material
fatigue response corresponding to the test specimens.
5. The numerically derived SCFs were established by neglecting the effects of
compressive residual stresses initiated as a result of the wrinkle initiation stage. The
accuracy of these SCFs could be improved by repeating the analysis while
accurately including the effects of these stresses.
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APPENDIX A - Wrinkle Profile Measurement Log

(a) Page 1 of 2
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(b) Page 2 of 2
Figure A.1: Wrinkle Profile Measurement Log for Specimen IP80WA12
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APPENDIX B - Images of Fractured Specimens

(a) Trial Specimen #1

(b) Trial Specimen #2

(c) IP30WA7 (reject)

(d) IP80WA12

(e) IP80WA8

(f) IP80WA5

(g) IP30WA10

(h) IP30WA8

(i) IP30WA4

Figure B.1: Entire view of each test specimen
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(a) Trial Specimen #1

(b) Trial Specimen #2

(c) IP30WA7 (reject)

(d) IP80WA12

(e) IP80WA8

(f) IP80WA5

(g) IP30WA10

(h) IP30WA8

(i) IP30WA4

Figure B.2: Close-up view of failure site corresponding to each test specimen
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APPENDIX C - Load vs. Local Deformation Response based on DIC, Contour
Gauge, and Finite Element Analysis (FEA) Model

Figure C.1: Deformed Wrinkle Configuration Contour for Specimen IP80WA8 (FEA)

Figure C.2: Deformed Wrinkle Configuration Contour for Specimen IP80WA8 (DIC)
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Figure C.3: Comparison between Load vs. Local Deformation plots for Experimental and FEA for
Specimen IP80WA8
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Figure C.4: Deformed Wrinkle Configuration Contour for Specimen IP80WA5 (FEA)

Figure C.5: Deformed Wrinkle Configuration Contour for Specimen IP80WA5 (DIC)

166

600

IP80WA5

500

Load (kN)

400
300
200
100
0
0

2

4

6

8

10

12

Wrinkle Amplitude (mm)
DIC

Contour Gauge

FEA

Figure C.6: Comparison between Load vs. Local Deformation plots for Experimental and FEA for
Specimen IP80WA5
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Figure C.7: Deformed Wrinkle Configuration Contour for Specimen IP30WA8 (FEA)

Figure C.8: Deformed Wrinkle Configuration Contour for Specimen IP30WA8 (FEA)
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Figure C.9: Comparison between Load vs. Local Deformation plots for Experimental and FEA for
Specimen IP30WA8
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Figure C.10: Deformed Wrinkle Configuration Contour for Specimen IP30WA4 (FEA)

Figure C.11: Deformed Wrinkle Configuration Contour for Specimen IP30WA4 (DIC)
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Figure C.12: Comparison between Load vs. Local Deformation plots for Experimental and FEA for
Specimen IP30WA4
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APPENDIX D - Approximation of S-N Curves

(a) Page 1 of 3
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(b) Page 2 of 3
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(c) Page 3 of 3
Figure D.1: MATLAB Script for Approximating S-N Curves
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APPENDIX E - Copyright Clearances

(a) Page 1 of 2
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(b) Page 2 of 2
Figure E.1: Permission for Fig. 2.1 [17]
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(a) Page 1 of 4
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(b) Page 2 of 4
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(c) Page 3 of 4
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(d) Page 4 of 4
Figure E.2: Permission for Fig. 2.5 [26]
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Figure E.3: Permission for Fig. 2.6 [3] & Fig. 2.7 [3]
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(a) Page 1 of 5
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(b) Page 2 of 5
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(c) Page 3 of 5
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(d) Page 4 of 5
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(e) Page 5 of 5
Figure E.4: Permission for Fig. 2.8 [30]
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(a) Page 1 of 2
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(b) Page 2 of 2
Figure E.5: Permission for Fig. 2.9 [8]
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(a) Page 1 of 4
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(b) Page 2 of 4
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(c) Page 3 of 4
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(d) Page 4 of 4
Figure E.6: Permission for Fig. 4.9 [51]
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(b) Page 2 of 3
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(c) Page 3 of 3
Figure E.7: Permission for Fig. 7.1 [60]
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